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been  rendered  incorrectly  in  the  original  document. 
They  will  be  shown  exactly  as  they  appear  in 
the  original. 
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In  the  book  are  examined  the  operation  of 
liquid-propellant  rocket  engines  under  non- 
statlonary  conditions  and  transient  conditions, 
dynamic  processes  and  some  questions  of  statics. 
There  are  considered  differential  equations,  which 
characterize  the  operation  of  separate  units  and 
the  engine  on  the  whole  during  launching,  at 
midcourse  and  during  shutdown.  Analysis  is  given 
of  the  possibilities  of  application  of  differential 
equations  in  partial  derivatives  under  certain 
boundary  conditions  during  research  of  nonstatio¬ 
nary  conditions. 

There  are  discussed  fundamentals  of  the 
theory  of  Injectors,  some  questions  of  carbu- 
retion  and  burning;  there  is  offered  derivation 
of  the  formula  for  determination  of  combustion 
delay.  The  connection  is  established  between 
this  delay  and  the  physical  properties  of  the 
propellant  components.  There  are  derived  and 
analyzed  the  most  important  equations  of  the 
combustion  chamber,  including  the  basic  differ¬ 
ential  equation  with  delay  argument.  There  is 
given  detailed  derivation  of  the  equation  of 
thrust  during  operation  of  an  engine  under 
nonsteady  conditions,  uncovering  of  the  physical 
essence  of  specific  thrust.  This  permits  inves¬ 
tigating  Intrachamber  processes,  including  high- 
frequency  instability. 

The  operation  of  basic  units  of  the  feed 
system  is  described,  is  gi^en  derivation  of  the 
universal  equation  of  the  tank  pressurizing 
system  and  equations  which  characterize  intra¬ 
tank  processes  are  given.  There  is  described 
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the  motion  of  elastic  liquid  in  a  deformable  line 
and  the  process  of  filling  of  the  line  with  hirh- 
boiling  and  low-boiling  components,  which  to¬ 
gether  with  analysis  of  the  operating  conditions 
of  centrifugal  ar.d  screw  pumps  gives  the  possibi¬ 
lity  of  calculating  the  basic  units  of  feed  system. 

There  are  offered  a  clear  graphic-analytical 
method  and  methods  of  calculation  of  an  engine 
with  the  aid  of  differential  equations  and  with 
the  use  of  computer  technology. 

The  materials,  discussed  in  the  look  can 
be  used  during  thorough  research  and  calculation 
of  a  liquid-propellant  rocket  engine  and  its 
units . 


The  boo*  is  intended  for  scientific  workers, 
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PREFACE 

The  monograph  "Nonstationary  Operating  Conditions  of  Liquid- 
Propellant  Rocket  Engines"  is  the  second  edition  of  the  book 
"Dynamic  Processes  in  Liquid-Propellant  Rocket  Engines,"  issued  by 
the  publishing  house  "Mashinostroyeniye"  in  1964.  For  the  period  | 

of  time  since  this  book  appeared.  Interest  in  questions  of  dynamics  ; 

of  the  processes,  which  proceed  in  liquid-propellant  rocket  engines, 
increased,  and  at  present  their  study  is  a  very  urgent  scientific  j 

trend.  I 

The  second  edition  is  enlarged,  because  the  theory  of  non-  | 

stationary  operating  conditions  of  liquid-propellant  rocket  engines  | 

encompasses  a  wider  circle  of  questions  than  the  theory  of  dynamic  j 

J 

processes.  Specifically,  there  are  examined  some  problems  of 
nonstationary  energy  exchange  diffusion  conditions,  features  of 
preparation  of  propellant  for  burning  and  so  forth.  Simultaneously, 
from  the  book  are  excluded  questions  well  covered  in  technical 
literature. 

At  present  there  is  no  sufficiently  substantiated  procedure 
of  theoretical  research  of  processes  in  liquid-propellant  rocket 
engines.  Therefore,  the  author,  trying  to  lay  the  groundwork  for 
the  creation  of  such  a  procedure,  gave  detailed  derivations  of  the 
basic  equations,  examined  the  appropriate  boundary  conditions  and 
made  an  attempt  to  take  into  account  not  only  the  main,  but  also 
secondary  factors,  which  affect  the  operation  of  an  engine. 
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The  book  consists  of  three  sections ,  each  of  them  defines  the 
basic  problems  and  directions  of  research.  The  first  two  sections 
are  dedicated  to  the  study  of  separate  units ,  and  in  the  third  on 
the  basis  of  obtained  results  there  is  shown  how  it  is  necessary 
to  investigate  the  interconnection  between  processes  under  non- 
stationary  operating  conditions  of  liquid-propellant  rocket  engines. 

In  the  first  section  are  examined  processes  of  propellant 
burning:  the  atomization  of  components »  mixing,  preheating,  vapori¬ 
zation  of  liquid  propellant  and  the  formation  of  combustion  products; 
the  methods  of  thermodynamic  calculation,  widely  utilized  during 
research  of  intrachamber  processes,  are  not  given  here,  inasmuch 
as  most  of  them  are  well  covered  in  literature. 

Further  there  is  given  the  derivation  of  the  basic  equation 
of  combustion  chamber  in  ordinary  derivatives  on  the  basis  of  the 
law  of  conservation  of  mass  on  the  assumption  that  processes,  pro¬ 
ceeding  in  the  chamber,  are  changed  only  in  time,  l.e.,  the  para¬ 
meters  of  intrachamber  processes  at  any  moment  and  at  any  point 
inside  the  chamber  have  the  same  value. 

More  detailed  research  on  intrachamber  processes  requires  the 
utilization  of  differential  equations  in  partial  derivatives.  There¬ 
fore,  there  Is  also  provided  derivation  of  these  equations  and  there 
are  shown  the  possibilities  of  use  of  equations  of  continuity, 
energy,  motion,  and  momentum.  The  last  equation  allows  defining 
the  engine  thrust  during  operation  both  at  stationary  and  nonsteady 
conditions.  The  derivation  of  these  equations,  which  make  it  possible 
to  deeply  and  comprehensively  investigate  intrachamber  processes, 
is  given  the  greatest  attention. 

In  the  second  section  of  the  book  are  studied  processes  in 
units  of  the  power  supply  system  in  the  sequence  of  their  power 
and  dynamic  actions  on  each  other. 
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In  the  examination  of  operating  conditions  of  accumulators  In 
the  beginning  there  is  given  the  derivation  of  universal  equation, 
suitable  for  calculation  and  research  of  any  type  of  accumulator. 
Then  there  are  analyzed  the  processes  in  gas,  powder  and  hot 
(liquid)  accumulators,  the  interaction  between  gas  and  liquid,  the 
peculiarities  of  displacement  of  liquid  from  tanks. 
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Specific  attention  is  allotted  to  the  derivation  of  the  equa¬ 
tions,  which  characterize  heat  exchange  and  mass  transfer  in  fuel 
tanks.  The  obtained  system  of  equations  and  boundary  conditions  can 
be  solved  numerically  with  the  aid  of  digital  computers. 

In  the  examination  of  conditions  of  overflow  of  liquid  from 
a  tank  into  the  line  there  is  discussed  the  procedure  of  application 
of  computers  and  there  is  shown  the  possibility  of  solution  of  a 
two-dimensional,  and  in  certain  cases  a  three-dimensional  non¬ 
stationary  problem  with  their  aid. 

The  process  of  filling  of  lines  is  described  with  the  aid  of 
equations  both  with  heat  exchange  between  liquid  and  the  wall  of 
the  line,  and  for  a  case  when  there  is  no  heat  exchange. 

In  this  section  there  are  also  examined  the  delivery  character¬ 
istics  of  a  centrifugal  pump  and  screw  forepump,  the  motion  of 
liquid  under  nonsteady  conditions  and  operation  of  the  turbopump 
assembly  as  a  single  unit  are  investigated. 

In  the  third  section  there  is  analyzed  the  operation  of  the 
engine  on  the  whole.  '  In  order  that  the  reader  would  more  easily 
understand  the  peculiarities  of  the  interconnection  between  processes, 
proceeding  in  the  engine,  there  is  conducted  the  graphic-analytical 
method  of  calculation  in  quasi-static  formulation. 

_  Deeper  exposure  of  complex  phenomena  of  the  interconnection 

is  given  in  the  form  of  a  system  of  linearized  equations  of  statics 
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and  dynamics.  There  Is  also  analyzed  the  operation  of  engines, 
made  in  various  configurations,,  with  the  aid  of  complex  systems  of 
nonlinear  differential  equations,  the  solution  of  which  is  possible 
ohiy  With  the  use  of  electronic  computers..  On  a  number  of  examples 
there  is  examined  the  sequence  of  preparation  and  solution  of 
equations  on-  analog  and;  digital  computers.  These,  examples  are,  based 
on  hypothetical  initial  data  and  therefore  they  bear  a  purely 
systematic  character. 


In  the  hook  is  used  the  international  system  of  unit's  (SI). 

During  analysis  of  dimensionalities  of  some  quantities  one  should 

—2 

remember  that  Newton  dimensionality  (N)>  kg'm*s 
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INTRODUCTION 
The  object  of  research 

The  theory  of  nonstationary  conditions  in-  liquid-propellant 
rocket  engines  is  one  of  the  new  technical  sciences,  which  studies 
the  regularities,  of  kinematic  and'  dynamic  processes ,  proceeding  in 
units  of  li quid- prop e 1 lant  rocket  engines  with  change  of  parameters 
and  functions  of  working  media  and  structural  elements  in  time. 

The  liquid-propellant  rocket  engine  includes  the  combustion 
chamber,,  or  cluster  of  combustion  chamber,  and  feed  system. 

The  combustion  chamber  consists  of  the  injector  assembly,  on 
which  are  located  injectors,  center  section,  or  actually  the 
combustion  chamber,  and  nozzle.  The  combustion  chamber  is  equipped 
with  a. cooling  system. 

The  systems  for  feeding  propellant  components  into  the  combustion 
chamber  are  two  types  -  turbopump,  most  widespread  at  the  present 
time,  and  pressurized. 

With  the  application  of  turbopump  feed  the  engine  is  made  with 
open  configuration  or  a  configuration  with  afterburning  is  used. 

In  th.e  first  case  the  waste  turbogas  is  ejected  through  additional 
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nozzles  into  the  surrounding  medium.  In  the.  second  -  one  or  both 
propellant  components  are  gasified,  are  used  for  driving  the  turbine 
(or  two  turbines)  and  then  enter  the  combustion  chamber. 

The  turbopump  feed  system  includes  fuel  tanks ,  the  tank 
pressurizing  system,  fuel  pumps,  turbine  (or  two  turbines),,  the 
generator  (or  generators)  of  working  medium  for  the  turbine ,  elements 
of  automation,  lines  for  propellant  components,  gas  pipes  and  so 
forth. 


In  a  pressurized  feed  system  the  propellant  components  are 
supplied  with  compressed  gas,  which  creates  higher  pressure  in  the 
fuel  tanks  than  in  the  combustion  chamber.  Because  of  the  specific 
features  of  processes  proceeding  in  the  separate  units  of  an  engine 
in  nonstationary  conditions  the  Intrachamber  processes,  processes 
in  the  units  of  the  feed  system  and  the  Interconnection  between 
them  are  considered  separately. 

Thus,  during,  research  of  the  feed  system  there  are  also 
studied  intratank  processes,  and  therefore  in  the  book  by  a 
liquid-propellant  rocket  engine  there  is  acutally  meant  a  rocket 
power  plant  (RDU ) . 
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The  study  of  dynamic  processes  encompasses  all  types  of  non¬ 
stationary  conditions,  namely:  starting  operation  of  the  engine, 
transition  from  one  steady  state  to  another,  shutdown  of  the  engine, 
low-frequency  and  high-frequency  oscillations  of  parameters  (pressures, 
flow  rates,  etc.),  observed  during  the  entire  period  of  engine 
operation. 


THE  COMBUSTION  CHAMBER 

Intrachamber  processes  are  generated  at  the  moment  of  exit 
of  propellant  components  from  injectors.  For  the  chamber,  as  for 
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the  whole  engine,  there  are  characteristic  starting  operation, 
operation  at  constant ,  l.e. ,  steady  conditions  (at  cruise), 
transient  processes  In  austalner  condition  and  shutdown  of  the 
engine.  z>‘ 

During  the  whole  period  of  operation  of  the  engine  the  intrar 
chamber  processes  are  accompanied  by  continuous  change  of  para¬ 
meters.  If  we  adhere  to  chronological  order,  the  examination  of  « 
dynamic  processes  must  begin  with  the  period  of  starting  operation. ~ 
However,  dynamic  processes  of  the  same  type  proceed  at  cruise » 
therefore  to  begin  their  study  it  is  convenient  to  conform  namely 
to  these  conditions. 

From  an  energy  point  of  view  the  sustained  conditions  are  most 
important.  Inasmuch  as  their  duration  is  nearly  equal  to  the  total 
time  of  engine  operation. 

The  nonstatlonary  operating  conditions  of  the  combustion 
chamber  are  studied  In  terms  of  values  of  parameters ,  average  for 
the  entire  changer,  or  by  their  particular  values,  which  are 
changed  in  the  internal  volume  of  the  chamber  both  in  time  and 
in  space. 

If  we  are  guided  by  the  values  of  parameters,  different  for 
each  point  of  the  volume  of  the  chamber,  but  constant  in  time,  then 
the  dynamics  of  the  processes  are  reflected  in  the  fact  that  the 
rates  of  motion  of  liquid  and  gas  masses  will  be  changed  mainly 
lengthwise  in  the  combustion  chamber. 

Under  actual  conditions  at  cruise  the  dynamic  processes  lead 
to  a  change  of  parameters  both,  in  coordinates  of  the  chamber  and  in 
time  for  any  cross  section  or  point  of  the  volume  of  the  chamber. 
Therefore,  for  the  study  of  dynamic  processes,  even  under  so-called 
steady  conditions,  it  is  necessary  to  enlist  the  system  of  differ¬ 
ential  equations  in  partial  derivatives.  In  this  case  there  are 
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observed  low- frequency  ..and  h-ighr-frequency  oscillations .  Inc  processes, 
-proceeding  at  cruise,  are  characterised  by  relatively  small-  changes 
in  parameters 'therefore  .here  it  is  sometimes  possible  to  appiv 
equations  in  small  deviations..,  obtained  d,urihg  linearisation  of 
appropriate  differential  equations. 
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The-  change  of  parameters  at  the  starting  operation  bears  a 
more  complex  character  than  during  operation  of  the-  -engine  at 
cruise.  The  average  pressure  in  the  chamber  changes  from  a  certain 
low  pressure  before  starting  to  design,  -nominal,  and  considerable 
accelerations  of  the  motion  of  propellant  components  and  combustion 
products  are  observed.  These  processes  proceed  the  most  actively 
.in  the  initial  period,,  from  the  moment  of  arrival  of  propellant  into 
the  chamber  to  ignition,  during  ignition  and  development  of  burning, 
sometimes  before  the  chamber  establishes  approximately  fj0r70S 
pressure.  After  this  the  pressure  in  the  chamber  increases  somewhat 
slower. 

Of  large  value  in  the  organization  of  processes  at  cruise 
operation  is  the  sensitivity  of  the  delay  period  to  pressure  and 
the  rate  of  change  of  the  component  ratio.  During  the  starting 
operation  there  is  fulfilled  a  series  of  commands,  which  complicates 
the  operation  of  the  engine; 

The  theoretical  and  experimental  study  of  the  dynamics  of 
intrachamber  processes  with  respect  to  average  values  of  parameters 
-for  the  whole  volume  of  the  chamber  is  simpler,,  but  allows  answering 
only  a  limited  circle  of  questions .  However,  the  average  values,  of 
parameters  of  the  combustion  chamber  at  cruise  are  not  constant. 

They  are  changed  as  3  result  change  of  the  engine  thrust  with 
altitude,  intensity  of  action  of  external  forces,  as  a  result  of  the 
change  of  operating  conditions  of  separate  units  of  the  engine  and 
change  of  the  physicochemical  properties  of  the  propellant  components. 
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After  closing  the  main  fuel  valves  -the  feed  of  the  calculated 
amount  of  propellant  components  into  the  chamber  is  chased;  However, 
under  the  effect  of  a  number  of  factors  for  a  certain  period  of 
time  into  the  combustion  chamber  there  still  proceeds  a  small  amount 
of  one  or  both  propellant  components. 

The  period  of  shutdown  with  consideration  of  the  time  of 
afterburning  of -propellant  is  called  the  period  of  aftereffect. 

It  is  characterized  not  only,  by  an  average  magnitude  -of  pressure 
pulse,  but  also  by  its  scattering. 

The-  feed  system 

The  -operation  of  the  combustion,  chamber  depends  on  the-  features 
of  occurrence  of  processes  in  the  units  of  the.  feed  system.  In 
the  first  piace,  it  is  necessary  to  provide  the  calculated  values 
of  parameters  of  propellant  components  of  a  definite  character  of 
their  change  in  time  at  the  inlet  to  the  pumps  and  in  the  line, 
connecting  the  tanks,  with  the  pumps.  Here,  just  as  during  investi¬ 
gation  of  combustion  chambers,  we  are  guided  by  the  average  values 
of  parameters  of  the.  liquid,,  moving  in  the  line,  or  we  consider 
their  change  both  in  time  and  in  terms  of  coordinates.  The  character 
of  these  changes  depends  on;  the  operating,  conditions  of  the  turbo¬ 
pump  unit,  which  takes  away  liquid  components  from  the  fuel  tanks ; 
and  on  their  feed  conditions  to  the  pump  inlets. 

The  operation  of  the  feed  system  is  organized  by  means  of  the 
realization  of  various  programs-.  The  gain  of  revolutions  by  the 
shaft  of  the  turpopump  assembly-  depends-  on  the  Intensity  of  occurrence 
of  starting,  conditions-  of  -the  starter  and  the  generator  of  working 
medium  of  the- turbine,  and  also  on  the  resistance,  being  exhibited 
to  the  turbine,  from  the  pumps,  and  on  the  cyclogram  of  starting, 
which  determines  the  sequence  of  execution  of  separate  operations. 

The  bringing  of  the  turbcpump  unit  to  operating  conditions  is 
possible  either  with  monotonous  rapid  or  rather  slow  rise  of  the 
rpm,  or  in  two  stages,  when-  there  is  noticeable  a  temporary  stabili¬ 
zation  of  the  rpm  before  arrival  at  the  second,  main,  stage. 
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With  a  pressurized,  feed  system  the  parameters  of  the  liquid 
upon  exiting  the  tank  are  determined  by  the  operating  conditions 
of  the  pressurizing  system  and  with  the  specific  character  of  intra- 
tank  processes,  which  depend  in  turn  upon  the  conditions  of  heat 
exchange  between  the  liquid  and  gas,  filling  the  tank,  or  the 
surrounding  medium,  on  the  intensity  of  mass  transfer  between  the 
liquid,  and  gas,  on  the  character  of  motion;  of  liquid  in  the  tank 
and  the  actions  disturbing  the  flow. 

In  the  case  of  rapid  starting  because  of  the;  inertia  of  the 
liquid  column  there  is  observed'  a  sharp  lowering  of  pressure  at  the 
pump  inlet,  which  is  accompanied  sometimes  by  cavitation,  which 
frequently  leads  -to  the  disruption  of  starting. 

In  the  line,,  connecting  the  -tank  with  the  pump.,  there  can 
appear  wave  processes  right  up  to  a  water  hammer.  The  intensity  of 
the  waves,  depends  on  the  amount  of  disturbing  factors,  oh  the 
elastic  peculiarities  of  the  liquid,  oh  the  construction  of  the 
line  and  on  other  factors . 

The  sources  of  wave  processes  can  be  the  turbopump  unit, 
aerpdynamic  loads  cn  the  flight  vehicle,,  vibrations  of  the  combustion 
chamber  and  so  forth. 

In  this  way  the  chamber  and  the  propellant  feed  system  operate 
as  a  unit.  Therefore,  the  completion  of  research  of  nonstationary 
conditions  is  the  examination  of  the  joint  operation  of  all  units 
of  the  power  plant. 
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CHAPTER  I 
QUESTIONS  OF  PROPELLANT  BURNING 

The  conversion  of  propellant  into  combustion  products  occurs 
in  the  combustion  chamber.  The  propellant  components  can  enter  the 
chamber  in  liquid  or  gaseous  state.  In  the  first  case  in  the 
beginning  they  are  atomized,  mixed,  heated  and  are  vaporized,  after 
which  follow  the  chemical  transformations  into  gaseous  phase,  as 
a  result  giving  a  mixture  of  combustible  gases,  the  composition  of 
which  depends  on  their  temperature  and.  pressure.  The  entire  complex 
of  these  processes  is  the  burning  of  propellant .  With  arrival 
of  propellants  into  the  chamber  in  gaseous  form  the  reactions  of 
interaction  between  components  proceed  faster. 

In  engines,  made  in  the  most  widespread  configuration,  one  of 
the  components  enters  the  injectors  from  the  upper  collecting  tank 
of  the  chamber  injector  assembly.  The  second  component,  passing 
along  the  cooling  duct,  is  directed  to  another  collecting  tank  of 
the  injector  assembly  and  from  there  -  to  the  injectors.  However, 
other  schemes  of  feed  of  components  are  possible. 

In  the  considered  variant,  when  both  components  are  in  liquid 
phase,  the  one  used  for  external  cooling  is  preheated  in  the  cooling 
duct,  which  facilitates  Improvement  of  burning  process.  When 
developing  the  configuration  of  the  engine  it  is  expedient  to  provide 
preheating  of  both  components,  but  it  is  impossible  to  allow  the 
start  of  boiling  of  liquid  before  exiting  the  injectors. 
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With  the  selected;  arrangement  of  injectors  the  configuration 
of  collecting  tanks  and  the  placing  of  stiffening  ribs  in  them 
should  provide  uniform  distribution  of  components  between  the 
appropriate  injectors.  An  exception  is  the  peripheral  injectors, 
to  which  fuel  is  supplied  for  providing  protection  of  the  walls  of 
the  upper  part  of  the  chamber,  i.e.,  the  part  adjacent  to  the 
injector  assembly. 

In  the  configuration  with  afterburning  to  the  injectors  are 
fed  components  in  gaseous  form  or  one  component  in- gaseous,  and 
the  other  in  liquid  state.  In  both  cases  liquid-flows  along  the 
cooling  duct.  In  the  first  case  the  liquid  component  from  the 
cooling  cavity  is  directed  to  the  generator,  then  in  gaseous  form  - 
to  the  turbine  of  the  [TNA]  (THA)  turbopump  assembly  and  after  this 
to  Injectors.  In  the  second  case  the  liquid  component  from  the 
cooling  cavity  enters  the  injectors  and  in  the  internal  cavities 
of  bipropellant  injectors  encounters  the  second  component,  exiting 
the  turbine  in  gaseous  form. 


1 . 1 .  The  Process  of  Propellant  Burning 
in  the  fthRD  Chamber 


The  completeness  of  conversion  of  propellant  into  combustion 
products  depends  on  the  state  and  properties  of  components ,  conditions 
of  their  inlet  into  the  chamber,  gas  parameters  in  the  chamber,  heat 
exchange  between  propellant  and  combustion  products,  the  specific 
character  of  intrachamber  processes  and  so  forth. 


Contemporary  [ZhRD]  (WPA)  liquid-propellant  rocket  engines 
are  made  in  the  following  typical  configurations. 


1.  Open  configuration  (Pig.  1.1)  -  both  components  enter 
the  combustion  chamber  in  liquid  state. 
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Pig.  1.1.  Open  configuration  of  liquid- 
propellant  rocket  engine  "liquid-liquid": 

Ji  4  -  tanks;  2  -  generator  (mixer)  for 
tank  pressurization;  3  -pressurizing  throt¬ 
tle;  S  -  component  feed  valve;  6  -  bipropel¬ 
lant  pump;  7  -  gas  generator;  8  ~  combustion 
chamber  with  nozzle;;  9  -  turbine  of  turbo¬ 
pump  assembly;  — —  -  main  lines;  - 

additional  lines. 


2.  Closed  configuration,  also  called  configuration  with  after¬ 
burning  ,  when  one  of  the  components  (Pig.,  1.2)  or  both  components 
(Pig.  1.3)  after  the  turbine  enter  the  chamber  in  gaseous  form; 
their  temperature  at  the  chamber  inlet  can  be  changed  in  wide  limits. 


Pig.  1.2.  Closed  configuration  of 
liquid-propellant  rocket  engine  "liquid- 
gas":  1  -  centripetal  turbine;  2  -  bi¬ 
propellant  gas  generator;  3  -  propellant 
component  flow  rate  regulator;  4  ■- 
exhaust  turbogas  (afterburning)  pipe. 


Let  us  examine  the  processes,  proceeding  in  a  combustion  chamber, 
which  operates  on  liquid  bipropellant.  Burning  is  completed  by  the 
formation  of  gaseous  products,  overflowing  from  the  chamber  into  the 
nozzle.  The  burning  process  is  conditionally  divided  into  a  number 
of  consecutive  stages.  However,  if  at  any  arbitrary  moment  of  time 
we  consider  the  volume  of  the  chamber  entirely,  then  it  is  possible 
to  immediately  observe  all  the  stages  in  it. 


Pig.  1.3*  Closed 
^configuration  of 
liquid-propellant 
rocket  engine 
"gas-gas." 

The  first  stage  is  atomization  of  propellant  components  by 
Injectors,  which  is  characterized  by  fineness,  by  the  homogeneity 
of  atomization  and  uniformity  of  distribution  of  mixture  along  the 
chamber  and  its  cross  sections.  This  depends  on  the  exit  character 
of  liquid  from  the  injectors,  interaction  of  the  jet  with  gas  medium 
in  the  combustion  chamber,  the  properties  of  liquid  and  gas.  As 
a  result,  the  Jets  are  disintegrated  with  the  formation  of  separate 
drops,  which  during  flight  are  distorted,  continuously  changing  their 
shape.  The  separate  drops  are  broken  into  finer;  some  of  them  when 
encountering  each  other  are  either  additionally  broken,  or  merged, 
moreover  the  drops  being  formed  again  can  cpntain  both  components. 

A  number  of  forces  participate  in  the  appearance  of  drops. 

Some  -  forces  of  surface  tension  and  forces  of  viscosity  -  facilitate 
preservation  of  the  shape  of  the  jet  and  drops;  others  -  destroy 
the  Jet,  contribute  to  breaking  down  of  drops. 

The  causes,  destroying  the  jet,  include  turbulent  pulsation  of 
particles  of  liquid  in  the  flow,  disturbances  of  different  types  in 
the  jet,  caused,  for  example,  by  low-frequency  oscillations  of  the 
flow  rate  of  component. 
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With  the  presence  of  a  swirl  injector  (Pie*  l*1*)  the  most 
important  factors,  which  lead  to  decomposition  of  the  Jet  (film), 
are  decrease  of  its  thickness  along  the  spray  cone  and  the  wavelike 
character  of  motion  of  liquid.  Aerodynamic  forces  facilitate  the 
decomposition  of  flow;  as  a  result  of  friction  or  disturbances  of 
wave  character  these  forces  separate  particles  of  liquid  from  the 
surface  of  film.  These  forces,  affecting  the  frontal  surface;  of 
drops,  cause  their  breaking.  In  the  presence  of  acoustic  or  low- 
frequency  oscillations  there  is  observed  intensive  breaking  down 
under  the  action  of  pressure  waves;  additional  dynamic  loads  and 
so  forth. 


by 

neity 
ng  the 
aracter 
s  medium 
As 

eparate 
;ing  their 
em  when 
lerged, 
nents. 

'PS. 

‘acilitate 

itroy 

ition  of 
;ypes  in 
of  the 


Pig.  I.1!.  Diagram  of  decompor 
sition  of  liquid  film:  1  - 
liquid;  2  -  vapors;  3  -  liquid 
film;  4  -  start  of  disintegration 
of  film;  5  drops. 


The  fineness  of  atomization  is  determined  by  the  average  diameter 
of  the  drop.  The  smaller  the  drop3,  the  faster  the  transformation 
of  liquid  phase  into  gaseous  will  be  completed.  The  fineness  of 
atomization  depends  on  the  properties  of  components,  the  type  of 
injectors,  pressure  drop  on  the  injectors,  the  density  of  gas  in 
the  combustion  chamber,  the  character  of  motion  of  gas  in  the 
atomization  zone. 

The  homogeneity  of  atomization  is  determined  by  the  law  of 
distribution,  which  establishes  the  connection  between  the  size  of 
drops  and  their  quantity.  The  sizes  of  all  drops  are  limited  to  a 
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certain  range.  It  Is- possible  to  determine  the  smallest,  largest 
arid  most  characteristic  averaged  size  of  drops . 

The  uniformity,  of  distribution  of  the  mixture  through  '.he  chamber 
section  essentially  depends  on  the  characteristic  of  injectors  and 
their  mutual,  location,  on  the  injector  assembly.  No  matter  how  the 
injectors  are  arranged,  how  perfect  the  atomization  they  provide, 
nevertheless  along  the  chamber  section  there  will  be  observed  a 
definite  nonuhiformity  of  atomization,  quantity  of  supplied  component 
and,  as  a  consequence,  nonuniformity  of  component,  ratio.  Sometimes, 
for  the  purpose  of  creation  of  a  protective  boundary  layer,  closer 
to  the  walls  is  placed  an  additional  quantity  of  injectors  of  some 
component,  more  often  -  fuel. 

The  distribution  of  components  in  the  boundary  layer  along 
the  combustion  chamber  depends  upon  the  homogeneity  of  atomization 
and  the  range  of  the  jet.  The  higher  the  heterogeneity  and  the 
larger  the  maximum  size  of  the  drops,  the  greater  the  length  of 
the  chamber  that  the  transition  of  liquid  phase  into  gaseous  will 
be  observed;  Depending  on  the  laws  of  distribution  of  each  of  the 
components,  which  will  be  discussed,  below,  the  character  of  change 
of  the  component  ratio  along  the  chamber  will  be  determined.  The 
.parameters  of  injectors  can  be  selected  so  that  the  burning  zone 
will  be  concentrated  on  a  small  section  of  the  chamber  length  or 
will  be  stretched  lengthwise;  having,  combined  swirl  injectors 
with  spray,  it  is  possible  to  create  several  combustion  zones  in 
the  chamber. 

The  structure  of  the  zone  of  propellant  preparation  and  combus¬ 
tion  with  the  prescribed  arrangement  of  injectors  is  determined  by 
the  character  of  decomposition  of  the  jet,  by  distribution  of  drops 
of  components  of  various  sizes  in  the  space  of  the  combustion 
chamber,  which  depends  oh  the  factors  examined  above. 
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Under  conditions  of  transient  processes:  the  atomization  proceeds 
according  to  a  more  complex  scheme,  inasmuch  as  during  the  starting 
operation  of  the  engine  the  flow  rate  and:  component  ratio,  and  also 
pressure,  temperature  and  density  .of  gas  are  changed  with  time. 

The  motion;  of  liquid  and  gases  occurs  with,  acceleration,,  the 
fineness  of  atomization,  the  distribution  of  masses  of  drops  along 
the  cross  section  and  length  of  the  chamber  are  changed  with  time. 

The  second  stage  is  characterized  by  rise  of  temperature  of 
the  mass  of  drop  and  is  finished  with  the  start  of  vaporization 
of  liquid  on  its  surface.  The  condifcons  of  heat  exchange  between, 
drops  of  components  and- combustion  products  are- determined* .by 
the  relative  velocity  of  motion  of  the  liquid,  properties  and 
parameters  of  combustion  products  and  liquids. 

The  transfer  of 'heat 'occurs  as  a  result  of  thermal  conductivity, 
convective  and  radiant  heat  exchange;  the  warming  up  of  the  droo 
depends,  not  only  on  the  heat  flow,  directed  from  gases  to  the  drop,, 
but  also  on  the  conditions  of  heat  exchange,  on  properties  of 
components.  The  intensity  of  warming  up  of  drops  of  oxidizer  and 
fuel  is  different,  therefore  the  areas  and  the  time  of  their  prepa¬ 
ration  for  vaporization  are  different. 

The  third  stage  -  vaporization  of  components.  In  the  course 
of  vaporisation  of  liquid  around  the  drop  there  Is  formed  a  "cloud," 
consisting  of  vapors  of  component.  The  heat  exchange  between  the 
cloud  and  products  of  burning;  is  caused  by  thermal  conductivity, 
convection  and  by  the  flow  of  radiant  energy.  Heat  transfer  through 
the  cloud  from  products  of  burning  to  the  drop  occurs  as  a  result 
of  thermal  conductivity. 

During  the  second  and  third  stages  there  occurs  accumulation 
of  components  in  the  chamber  in  liquid  state. 
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The  fourth  stage  is  characterized  by  the  thermochemieal  decompo¬ 
sition  of  products  of  vaporization  and  preflame  chemical;  interaction 
between  the  formed  products; 

The  fifth  stage  -  ignition, -Which  can  be  chemical  in  the  case 
of  application  of  hypergolic  components  or  thermal,  when  at  least 
one  of  the  components  enters  the  chamber  at  rather  high  temperature,. 

The  sixth  stage  is  burning  of  the  formed  gaseous  products. 

In  the  most  common  form  the  burning  processes  can  be  described: 
in  the  following  mariner;. 

Homogenous  burning  is  the  burning  of  components,  which  are 
in  gaseous  state.  This  is  typical  for  liquid-propellant  rocket 
engines,  where  the  propellant  burns  up  after  transition  from 
liquid  state  into  gaseous.  If  pressure  in  the  chamber  is  higher 
than  critical  for  both  components ,  then  as  before  there  Will  occur 
homogeneous  burning,  inasmuch  as  the  masses  of  both  components 
diffuse  into  ‘the  medium  of  combustion  products. 

-  z 

With  the  presence  of  a  boundary  between  the  two  media,,  for 
example  in  the  case  of  solid  propellant  and  gaseous  oxidizer,  tlpe 
process  is  called  homogeneous . 

1  -  » 

Burning,  proceeding  at  small  Reynold's  numbers  of  .gas.  flow.. 

t '  •  ■  •  •  i 

is  called  laminar.  In  the  combustion  of  liquid-propellant  rocket 
engines  the  flow  of  gas  is  turbulent,  therefore  burning;  is  called 
turbulent.  ‘  .  i  >  , 

With  smooth  burning^ the  flame  is  spread 'With;  speed 'from  several  i 
centimeters- to  several  tens  of  meters  per  second.  In' unusual  Cases 

1  r  ’  <  "  ! 

detonation  appears,  at.  which  the  rate  of  flame  propagation  reaches 

I  >  s  I 

several  kilometers  per  second.  » 
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We  distinguish  kinetic  and  diffusion  burning.  In  the  combustion 
chambers  of  liquid-propellant  rocket  engines  diffusion  burning 
at  which  the  rate  of  the  chemical  reaction  is  significantly  higher 
than  the  rate  of  mixing  is  predominant.  It  appears  with  separate 
feed  of  propellant  components  into  the  burning  zone.  Kinetic 
burning  takes  place  when  the  propellant  enters  the  burning,  zone  in 
an  earlier  mixed  form,  for  example  in  engines,  which  operate  on 
monopropellant,  or  during  the  supply  of  both  components  in  mixed 
form,  moreover  mixing  can* be  carried  out  in  the  internal  cavities 
of  injectors. 
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Combustion  is  complete  and  incomplete.  In  the  first  case 
all  the  propellant  burns  up  in  the  burning  zone,  i.e.,  in  the  upper 
part  of.  the  chamber.  In  the  second  case  a  certain  quantity  of 
propellant  burns  out  at  .the  approach  to  the  nozzle  throat  or  even 
past  the  throat. 

Burning  can  proceed  with  stoichiometric  ratio  between  components 
and  with  excess  of  fuel  or  oxidizer.  In  the  combustion  chambers  of 
liquid-propellant  rocket  engines  there  is.  provided  excess  of  fuel; 
in  this  case  the  composition  of  combustion  products  is  somewhat 
changed  in  comparison  with  designed,  the  intensity  of  reactions  of 
dissociation  is  partially  suppressed,  the  quantity  of  heat  being 
liberated  in  the  chamber  is  increased  and  the  temperature  of 
combustion  products  is  somewhat  lowered. 

Chemical  transformations  bear  a  complex  character.  As  a  result 
of  initial  reactions  there  are  developed  chains,  which  are  developed 
in  parallel,  are  branched  and  finished  by  the  formation  of  final 
products.. 

The  seventh  stage  characterizes  the  change  of  the  chemical 
composition  of  the  mixture  along  the  length  of  the  chamber  and 
nozzle.  This  is  .caused  by  two  factors.  In  the  first  place,  during 
motion  of  combustion  products  the  pressure  and  temperature  are 
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continuously  changed,  which  affects  the  intensity  of  occurrence  of 
chemical  reactions;  secondly,  with  the  presence  of  a  protective 
boundary  layer  the  central  nucleus  of  gases  receives  an  additional 
quantity  of  incomplete  combustion  products. 

1.2.  Concise  Inf  ormafcion-.  About  the  Operation 
of  Injectors 

Injectors  are  selected  so  .that  they  provide  the  required 
flow  rate  of  components.  -The  quality  of  the  injectors  is  character¬ 
ized  by  the  accuracy  of  fuel  metering,  the  fineness  of  atomization, 
in  certain  cases  the  range  of  the  Jet,  the  angle  of  atomization, 
trituration  of  jet,  by  the  law  of  distribution  of  drops  with  respect 
to  their  mass  (or  sizes).. 


The  arrangement  of  injectors  on  the  .injector  assembly  should 
provide  distribution-  of  flow  rate  and  ratio  of  components  prescribed 
by  results  of  experiments  or  calculation,  along  the  cross  section- 
and  length  of  the  chamber,  the  required  excess  of  fuel  near  the 
wall  for  its  protection  from  overheating,  protection  of  the  inter¬ 
injector  space  of  the  injector  assembly  from  overheating,  weakening 
of  the  dynamic  connection  between  intrachamber  space  and  hydraulic 
ducts,  the  creation  of  conditions  of  propellant  combustion,  at  which 
the  parameters  of  flow- frequency  and5 .high-frequency  oscillations, 
in  the  chamber  will  be:  in  permissible  limits'. 

During  engine  starting  the  injectors  should  create  the  required 
increase  of  propellant  flow  rate  and  exclude  the  appearance  of 
unusual  phenomena  In  the  combustion  chamber  (for  example,  high- 
frequency  acoustic  oscillations). 

With  shutdown  of  the  engine  there  should  not  be  observed  leak 
of  propellant  from  injectors  and  the  hydraulic  areas  of  the  chamber; 
this  facilitates  the  uniformity  of  shutdown  of  engines  and  decrease 
of  scattering  of  the  period  of  aftereffect. 
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In  modem  engines  there  are  used  swirl,  spray,  composite, 
gas-liqufd  and  doublet  nozzles. 

In  this  paragraph  there  will  be  examined  only  some  of  the 
peculiarities  of  operation  of  injectors .. 

Determination  of  characteristic  sizes  of  drops 

Sizes  and  shapes  of  drops,  being  formed  into  drops  of  jets  in 
the  case  of  application  of  liquid  Injectors,  are  various.  Usually 
in  calculations  we  are  conditionally  guided  by  drops  of  spherical 
shape. 


We  consider  drops  with  the  smallest  radius  rmin  and  the 


largest  r, 


max? 


we  find  the  law  of  distribution,  establishing  the 


connection  between  size  r  and  number  «  of  drops  in  a  portion  of 

component  per  second,  we  determine  the  average  r  value  of  the 

cp 

radius  of  drop. 


At  the  injector  exit  the  initial  thickness*  of  the  film  of 
spray  cone 


where  vc  -  radius  of  outlet  opening  of  the  injector;  -  radius 
of  vortex. 

In  proportion  to  the  distance  from  the  nozzle  exit  section  the 
radius  of  the  cross  section  of  the  spray  cone  is  increased,  and  the 
thickness  of  the  film  Is  decreased.  By  the  equation  of  continuity 
at  the  injector  exit  flow  rate 


G  =  rt(rJ-rJ)QMC0, 


(1.1) 


where  -  efflux  velocity  of  liquid  from  the  injector. 
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By  using  the  theory  of  swirl  injector,  we  find 
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(1.2) 


If  wcl 


if  32,000! 


where  Ap^  the  pressure  drop  on  the  injector;  pw  -  the  density  of 

liquid;  C  -  inlet  velocity  of  injector..  The  flow  coefficient 

B  X 


V  v  +  i-, 


(1.3) 


In  any  sej 
disintegw 


The  geometric  characteristic  of  the  injector 


A— — ^ —  stop, 


,(1.4) 


where  ru 

H 

formula 


where  R  -  the  radius  of  turbulence  chamber;  i»  -  radius  of  the  inlet 

B  X 

opening  of  injector;  i  -  the  number  of  inlet  openings;  6  -  angle 

B  A 

between  the  direction  of  inlet  channel  and  the  axis  of  the  nozzle. 

The  loading  factor  of  injector  exit  section 


--(tr- 


The  main  geometric  characteristic  and  the  loading  factor  allowing 
for  forces  of  friction  are  connected  by  relationship 

X  V  2  (l-») 

- - - - — , 


where 
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-  coefficient  of  friction. 
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If  we  do  not  consider  friction,  then  /  *  li  When  Re  <  32,000 

Re0 *  * 


if  32,000  <  Re  <  60,000,  then 

x==J5i!0L; 

Re* 

In  any  section  of  the  spray  cone,  but  even  before  the  start  of 
disintegration  of  flow,  the  flow  rate  of  liquid 


G«*2nr„o*6e*C, 


(1.6) 


where  r  -  radius  of  current  cone  cross  section.  By  simplifying 

H  0  H 

formula  (1.2)  and  considering  C  *  CQt  we  find 


.  a 


^XrKOl0 M 


(1.7) 


When  S  becomes  rather  small,  disintegration  of  the  cone  sets  in, 
and  the  forming  of  drops  is  begun.  Half  the  spray  cone  angle 


a==arctg  j/8  . 


i  —  T 

0  +  KwW? 


(1.8) 


Figure  1.5  shows  the  calculated  relationship  of  parameters  of 
a  swirl  injector  to  its  geometric  characteristic  [2].  If  we 
designate  the  distance  from  the  injector  section  to  the  examined 
section  through  x,  then 
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(1.5) 


Pig.  1.5.  Calculated  relationship  of 
parameters  of  swirl  nozzle  to  it's 
geometric  characteristic. 


In  actuality  the  efflux  process  of  liquid  from  injector  should 
be  described  by  more  complex  equations,  especially  if  we  take  into 
account  the  effect  of  back  pressure  and  heat  flows,  directed  from 
the  chamber  into  the  region  of  location  of  injectors. 

There  are  experimentally  established  the  relationship  of  the 
character  of  liquid  efflux  to  the  parameter  of  injectors  and  intra¬ 
chamber  processes ;  they  are  represented  in  the  form  of  charts  or 
tables. 

The  liquid,  flowing  from  the  injector,  ejects  vapors  from  the 
center  section  of  the  injector  and  from  the  space  between  the  injector. 
As  a  result  of  the  decrease  in  pressure  there  appears  the  flow  of 
gases  and  liquid  particles  from  the  chamber  to  the  injector  assembly 
and  into  the  injector  (Pig.  1.6). 


Pig.  1.6.  Diagram  of  motion  of 
liquid  particles  from  the  burning 
zone  to  the  wall  of  injector  assem¬ 
bly.  (2)  and  into  the  internal  cavi¬ 
ties  of  injectors  (2). 

There  exist  several  approximate  methods  of  determining  the 
characteristics  of  atomization. 
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The  average  diameter  of  drops  at  the  moment  of  their  formation 
is  determined  by  the  equality  of  surface  tension 


(1.9) 


and  the  dynamic  pressure  of  the  medium 


Pt-Q,(\C-V\)*, 


(1.10) 


where  ph  —  the  density  of  gas-air  mixture  in  the  combustion  chamber 
U  -  the  flow  velocity  of  gas . 


Lntra- 


Hence,  with  a  number  of  assumptions  with  consideration  of 
Bernoulli  equation  we  find 


_  ■  ...  4 «rM  8« 
0Cp“?  8, 


(1.11) 
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where  5  -  coordination  coefficient;  -  surface  tension  of  liquid. 

Having  multiplied  and  divided  the  right  side  of  expression 
(1.11)  by  we  obtain 


r0<p=4S«oWe-^-, 


(1.12) 


where  Weber  criterion 


iWe=-is_; 


(1.13) 


the  initial  thickness  of  film 


(1.14) 


Some  authors  recommend  determining  the  median  radius  r  of 
a  drop,  i,e.,  the  radius,  which  separates  all  the  drops  into  two 
parts  equal  in  mass  which  corresponds  to  condition 


r0  m  '0  *n 

2  «/ro;=2  n‘r«- 


(1:15) 
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For  the  approximate  determination  of  median  radius  it  is  possible 
to  recommend  the  following  formula: 


--•catfV  d 


2^Cwcr  cpO 


(1.16) 


where  c 
connect 


viscosi 
will  de 


where  nw  -  coefficient  of  dynamic  viscosity,  of  liquid. 


The  decomposition  of  the  Jet  is  determined  by  fluctuations' 
of  the  liquid  in  turbulent  flow,  and>  there  subsequently  occur  both 
additional  breakdown  and  connection  of  drops  during  collisions, 
caused  by  the  action  of  aerodynamic  forces.  The  sizes  of  drops 
are  determined  by  the  energy  of  turbulent  fluctuations  in  the 
liquid,  being  consumed  on  overcoming  the  forces  of  surface  tension 
and  forces  of  viscosity.  Here  as  criterion  it  is  possible  to  take 
the  ratio  of  surface  forces  to  forces  of  inertia: 


will  be 
the  iiqi 
means  tf 


2(i*C2/"o  nvu 
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The  decomposition  should  depend  on  the  viscosity  of  liquid, 
therefore  as  the  second  criterion  we  take 


2»<e*8o 


we  arri\ 


The  effect  of  aerodynamic  forces  is  considered  by  criterion 
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For  determination  of  the  connection  between  these  criteria  let  us 
examine  the  characteristic  boundary  conditions.  If  surface  tension 
is  absent,  i.e.,  a ^  »  0,  then  a  drop  cannot  be  shaped,  which  corres- 
ponds  to  condition  »q  *  0.  The  lower  the  efflux  velocity  of  liquid, 
the  larger  is  the  size  of  drops.  Thus,  we  can  write  that 


ro«K— 


where  coefficient  and  exponent  determine  the  intensity  of 
connection  between  parameters . 


The  drops  are  formed  even  when  the  liquid  does  riot  possess 
viscosity,  i.e.,  when  n-  *  Q.  In  this  instance  dimension  rn 

-m  U  TTlaX 

will  depend  on  complex 


With  outflow  into  absolute  vacuum,  i.e.,  wheri  p  =0,  drops 

H 

will  be  formed,  and  increase  in  the  density  of  medium,  into  which 
the  liquid  flows,  will  lead  to  decrease  in  the  size  of  drops..  This 
means  that  max  depends  on  complex 


0 


Ok  \«» 
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By  uniting  all  three  actions  and  taking  into  account  that  hydraulic 
losses  on  the  injectors 


lid, 


we  arrive  at  relationship 


ion 


Va/>4>  I  \  20^9*80  /  \  2e*  / 


(1.17) 


The  treatment  of  experimental  data,  provided  by  various  authors, 
allows  us  to  recommend  the  following  limits’  of  possible  changes: 

loaj,'— •>  <  a  <  20*J>--);  0,3  <«,  <1  ;0,05  </i,  <  0, 15;  1. 

During  research  and  development  of  new  specimens  usually  the  values 
of  coefficient  a  and  the  exponents  in  equation  (1.17)  are  experi¬ 
mentally  refined. 

Basic  equations  of  efflux  of  liquid 
from  spray  injectors 

If  through  a  spray  injector  liquid  is  fed  to  the  combustion, 
chamber,  to  the .generator  or  to  another  cavity,  then  in  accordance 
with  the  equation  of  continuity  the  flow  rate 

G~CF*Qm,  U-18) 

where  the  cross-sectional  area  of  liquid  flow 

F»-tF. 

t 

Here  e  -  compression  factor  of  the  Jet,  F  -  cross-sectional  area 
of  injector  channel. 

In  a>  duct  of  complex  shape  F  »  f(l).  In  injection  channels 
the  value  of  the  compression  factor  can  be  changed  from  one  to 
a  certain  quantity  c  <  1;  with  sufficient  extent  of  the  channel 
the  coefficient  c  Is  first  decreased,  then  again  increased  and  can 
reach  the  previous  value  e  «  1.  During  further  motion  of  liquid 
along  the  channel  the  value  of  e  ■  1,  as  a  rule,  is  retained.  In 
areas  of  the  channel  where  e  <  1,  the  vapor  pressure  pA  is  less 
than  the  inlet  pressure-  of  the  injector  p1  and  pressure  p2  in  the 
cavity,  into  which  the  liquid  flows. 
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Hydraulic  .losses  in  the  injector  are  determined  by  knoWn  formula 


(1.19)' 


where  1  -  the  resistance  coefficient.-*  With  nonstationary  operating 
conditions  the  law  of  conservation  of  energy  for  liquid,  moving  ' 
in  the  flow  area  of  the  injector,,  will  be -written,  so j  1  , 


Pi  — -/Pi  **  o*  -y-  -fj  &P + 


(1.20) 


where  -  mass  of  liquid  in  the  injector.  By  substituting  the 

value  of  sp  from  equality  (1.19)  in  expression  (1.20),  after 
conversions  we  obtain 


(1.21)  S 


where  4  -  the  velocity  coefficient. 


Under  nonsteady  operating  conditions 


and  in  steadied  state 
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(1.23) 
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where  -  provided  value  of  the  length  of  injection  channel.  By 
substituting-  the  value  of  velocity  from  formula  1.21  in  equation 
.  ivlS ,  Wev  find  >  ; 


•  i 


tau&HL. 


i  i. 


0—j^F  ti’XuipWPt), 


;( 1 , 2jf) 


i  .  whe:re  the  flow  coefficient 


(1.25) 


The'- examined  relationships  are  suitable  even1  for  calculation  of  i 
’  gas-spray  injectors.  The  efflux  ' conditions  of  working  medium 
from  injectors  are  characterized,  /as  was, shown  above,  by  coefficient 
e,  and  0,  which  .are  determined!  experimentally  or,,  when  this  is 
•  possible,  by.- reference  formulas,  recpmmerided  in  the  corresponding 
courses.  •  /• 

>  .  '  i  i » * 
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The  character  o?  motion 'bf,  liquid  in.  channelfe  of  complex  , 
and.  cylindrical  shape  in  the  presence  of  back 'pressure  was  inves.ti-  , 
•gated  by  B.  N.  Sl!ov  ‘[83].,  It  Was  shown  that  the  flow  rate  of  liquid 
from  £he  injector  is  characterized  by  ratio  p^P\  and  is  determined 
by  the  difference  of  p^  p2,or  P^  “  Pa  depending  on  the  quantity 
of  criterion  S.  Moreover  / 
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where  ^ 2  r  velocity1  coefficient ,  calculated;  in' terms  of ’parameters 
'  at  the  injector  exit;  •?  resistance  coefficient,  for  the  part  of 
the  channel  where  contraction  of  flow  is  observed. 

.  i  ' 
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Some  information  about  the1  operation  of  , 

/  gds- liquid  injectors 

’  T  , 

'  ,  ‘  ,  ’  ;  ‘  ’ 

In  engined  with  afterburning  of  .gas,  exhausted  in- the.  turbo- 
1  pump  assembly  turbine,  in  the  main  combustion  chamber' are  applied, 
g&s-.liquid  injectors  or  injeqtor’s  feeding  both  components  into  the 
■  chamber  in  gaseous  form.  The  first  type  of  nozzles  received  the 
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greatest  application.  Here  as  a  rule,  the  oxidizer  proceeds  from 
the  turbine  in  gaseous  state,  and,  liquid  fuel  is  supplied  to, 
injectors  fi.  om  the  coplant  passage  ,o'f  the  chamber.  Such  an  injection 

system  is  possible  to  apply  in  engines,  which  develop  tens  of 

•  '  ■  ~  2 

ton3  of  thrust  at  chamber  pressure  on  the  order  of  10.0-20.0  WH/nr  . 

The  configuration,,  which  provides  the  gasification  of  both  components, 

corresponds  to  engines  with  thrust  several  hundreds  of  tons  and  at 

p 

chamber  pressure  exceeding  20.0' MN/m  . 

The  question  of  decomposition  of  a  jet  was  examined  for  the 
first  time  in  1878  by,  Rayleigh.  He  considered  that  a  liquid  jet 
represents  a ^cylinder  of  infinite  length,  which  the  environment 
does  not  affect.  During  solution  it  was  also  proposed’  that  as 
a  result  of  the  development  of  wave  processes,  from  the  jet  are 
separated  drops.,  the  size  of  which  depends  on  the  wavelength. 

Prom  all  the  disturbances  one,  "optimum,"  wave  was  separated;  The 
•problem  was  solved  by  the  method  of  small  disturbances.  The 
amplitude  of  oscillations  was  small  in  comparison  with  the  diameter 
of  Jet.  It  was  assumed  that  in  the  nonlinear  area ‘the  length  of 
the  optimum  wave  is  retained'  (Rayleigh  hypothesis).  It  was  deter¬ 
mined  that  long-wave  oscillations  are’  unstable. 

K.  Weber  established  that  the  development  of  instability 
depends  on  the  relative  efflux  velocity  of  liquid. 

On  a  sheet,  when  it  has  not  been  broken,  two  types  of  waves 
are  observed.1  The  first  type  of  waves  separates  the  conical  sheet 
into  a  system  of  rings}  the  second  type  is  directed  tangentially, 
across  the  motion }/  and  separates  the  rings  into  jets.  As  a  result 
a  spectrum  of  drops  >of  various  sizes  is  formedv 

With  the  increase  of  the  relative  efflux  velocity  the  wavelength 
of  unstable  disturbance  is  reduced,  which  leads  to  decrease  in  the 
size  of  drops.  'At  rather- high  velocities  before  the  ring  will 
b.ive  time  to  -be  shaped  a  flow  of  the  finest  drops  is  formed.  This 


condition  is  characteristic  for  modern  gas-liquid  injectors.  The 
formed  drops  are  additionally,  broken  down,  in  a  gas  flow.  M.  S. 
Volynskiy  established  that  the  breakdown  of  rather  course  drops 
is  evaluated  with  the  aid  of  deformation  criterion  [75] 


D= 


(1.27) 


where  p.  V  -density  and  velocity  of  gas j  au  -  diameter  of 

ii  H  H 

drop  and  coefficient  of  surface  tension. 

The  behavior  of  the  drop  depending  on  the  deformation  criterion 
is  illustrated  in  the  following  manner:  D  <  10.7  -  the  drop  is 
deformed;  D  *  10. J  -  10-20?  of  drops  are  split;  d  *  10.7-ltt  -  the 
percentage  o&.ttfops  being  disintegrated  increases;  from  one  drop 
there  aro^formed  several ,  often  3-5  drops;  D  >  14  -  all  drops  are 
crushed. into. many  fine  ones. 

To  the  values  of  critical  phase  of  deformation  at  the  lower 
and  upper  stability  limits  correspond  D  *  10.7  and  D  ■  14. 

According  to  M.  S.  Volynskiy  the  breakdown  of  drops,  being  absorbed 
by  gas  flow,  depends  on  the  criterion  of  deformation  and  is  described 
by  the  equation,  which  is  obtained  as  a  result  of  equating  mass  and 
aerodynamic  forces  together. 


For  every  liquid  it  is  possible  to  determine  such  a  diameter 
of  drop  dmin  which  drops  with  diameter  d  <  dmln  will  not  be  broken 
down  by  gas  flow.  The  smaller  the  diameter  of  drop,  which  fell  into 
flow,  the  greater  is  its  acceleration  and  the  less  its  deformation 
under  action  of  flow. 


i 


Some  peculiarities  of  operation  of  injectors  in 
liquid-propellant  rocket  engines 

The  existing  theory'  of  injectors  is  constructed  under  the 
assumption  of  efflux  of  liquid  from  injectors  into  a  medium,  which 
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possesses  normal  pressure  and  temperature.  Under  actual  conditions 
the  liquid  enters  dense  and  highly  heated  gas.  This  leads  not  only 
to  change  in  the  character  of  atomization  of  liquid  and  its  preheating 
after  outflow,  but  also  to  the  appearance  of  specific  processes  in 
the  internal  cavity  of  the  injector. 

Research  on  the  determination  of  flow  characteristics  of  spray, 
spray-swirl  and  swirl  injectors  with  efflux  of  liquid  into  a  medium 
with  back  pressure  showed  the  following. 

At  the  efflux  of  liquid  through  a  spray  injector  there  can  be 
observed  stall  and.  stall-free  operating  conditions. 

The  reason  for  stall  involves  the  development  of  cavitation 
in  the  nozzle  of  injector.  Stall  flow  condition  is  characterized 
by  decrease  of  the  flow  coefficient. 

In  conditions  of  stall-free  flow  with  increase  of  back  pressure 
the  flow  rate  increase  because  of  the  ejection  action  of  the  liquid 
Jet  on.  gas  in  the  turbulence  cavity  of  the  injector. 

During  the  study  of  spray-screw  injectors  there  is  detected 
the  earlier  unobserved  phenomenon  of  adhesion  of  the  spray  cone 
with  the  central  liquid  jet  with  back  pressure  of  air  more  than  0.2 
MN/m2. 

During  hydraulic  pressure  drop  tests  of  swirl  injectors  it 
is  established  that  for  injectors  with  small  geometric  character¬ 
istic  A  <  1  at  certain  relationships  between  pressure  drop  on  the 
injector  Ap^  and  pressure  pK  of  the  medium,  into  which  the  liquid 
flows,  there  is  possible  the  disappearance  of' the  gas  vortex,  which 
is  accompanied  by  an  abrupt  change  of  the  flow  coefficient.  It 
is  assumed  that  the  reason  for  this  phenomenon  involves  the  ejection 
of  gas  by  liquid  from  the  internal  cavity  of  the  injector. 


Analysis  of  experimental  data  and  visual  observations;  showed 
that  the  main  factors,  which  affect  the  disappearance  of  the  gas 
vortex,  which  is  accompanied  by  intermittent  change  of  the  flow 
coefficient,  are  not  only  the  mentioned  parameters,  but  also  the 
properties  of  liquid  and  the  construction  of  the  injector,  especially, 
the  length  of  its  nozzle; 

Tests  of  transparent  models  of  swirl  injectors  with  geometric 

characteristics;  A  '<  1  permitted  observing  the  filling  of  the  cavity 

of  vortex  with  .liquid,  i.e.,  the  disappearance  of  gas  vortex.  Thus, 

for'  instance,  for  a  swirl  nozzle  with  A  =  0.69  the  gas  vortex 

?  2 

disappeared  when  A p^  =  0.4  MN/m  and  pH  =  3.0  MN/m  :,  and  for 
A *  0.8  MN/m2  and  Ap^  =  1.2  MN/m*  -  when  pK  =  2.0  MN/m2. 

The  hydraulic  pressure  drop-  test  of  these  injectors  as  a  group 
showed  that  filling  of  the  gas  cavity  by  liquid  and  abrupt  change 
of  the  flow  coefficient  occur  considerably  earlier  (at  achievement 
of  p  =  0 . 2-0 . 6  MN/m2  and  Ap.  =  0.15*0.25  MN/m2)  and  do  not  depend 
on  the  length  of  the  nozzle. 
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This,  fact  is  an  essential  argument  of  the  fact  that  the 
determining  conditions  for  the  disappearance  of  gas  vortex  are 
conditions  in  the  injection  chamber  (pressure  chamber.)  behind  the 
nozzle  section  of  injectors. 

By  experiments  on  a  single  injector  with  hydraulic  pressure 
drop  test  it  is  established  that  pressure  in  the  vortex  cavity, 
filled  with  liquid,  is  less  than  pressure  in  the  main  flow.  Further¬ 
more,  as  measurements  along  the  axis  of  the  injector  showed, 
pressure  is  reduced  from  the  edge  of  the  injector  to  its  bottom. 

The  presence  of  rarefaction  facilitates  the  creation  of  the  flow  of 
liquid,  which  flows  Inside  the  injector  toward  the  main  flow.  There 
was  advanced  the  hypothesis  about  the  presence  in  a  swirl  injector, 
operating  in  a  gas  medium,  of  gas-liquid,  counter  flow,  which  appears 
in  view  of  the  ejecting  action  of  liquid  flowing  from  the  injector 
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on  the  ,gas  vortex.  The  ejection  of  gas  leads  to  the  appearance  of 
rarefaction  in  the  injector  cavity  (in  the  turbulence  chamber)  in 
comparison  with  pressure  in  the  injection  chamber. 

The:  ejecting  power  of  the  flow  of  liquid  is  increased  with 

decrease  of  the  geometric  characteristic  of  the  injector,  with 

increase  of  the  developed  pressure  drop  and  with  increase  of  the 

gas  density,  i.e.,  increase  of  back  pressure.  With  increase  of 

ejection  the  pressure  drop  between  .the  vortex  cavity  and  the  pressure 

chamber  is  increased,  as  a  result  of  which  a  flow  of  gas  is  formed, 

which  moves  from  the  injection  chamber  inside  the  injector,  seizing 

the  liquid  in  its  path,  and  carrying  it.  into  the  cavity  of  the 

injector.  This  gas-liquid  flow.,  moving  inside  the  injector,  rotates 

in  the  direction  of  rotation  of  the  main  flow.  Simultaneously  the 

angle  of  spray  cone  is  decreased,  and  its  trituration  is  increased. 

With  increase  of  pressure  in  the  pressure  chamber,  which  simulates 

the  combustion  chamber  during  experiments,  the  size  of  the  gas,  vortex 

2  *’ 

is  reduced,  and  at  pressure  above  pH  *  50  MN/m  the  cavity  of  the 
injector  is  filled  up  with  liquid. 

On  the  injector  edge  in  this  case  there  is  observed  a  small 
volume  of  gas,  which  fluctuates  with  high  frequency.  As  a  result 
of  separation  of  liquid  from  the  gas-liquid  flow  the  radial  size 
of  the  gas  vortex,  is  reduced,  and  there  comes  a  moment  when  the. 
gas  vortex  is  intersection  by  a  liquid  bridge  and  the  ..whole  vortex 
cavity  is  filled  up  with  liquid.  At  low  values  of- Ap^  this  bridge 
is  formed  at  the  bottom  of  the  swirl  injector  on  the  worm  of  a 
screw  injector.  With  increase  of  the  pressure  drop  the  bridge 
moves  toward  the  nozzle.  After  its  formation  the  vortex  inside  the 
injector  is  divided  into  two  gas  volumes,  between  which  an  intensive 
exchange  occurs,  and  the  gas  vortex  highly  fluctuates. 

Figure  1.7a  shows  the  operation  of  the  injector  with  drop 
Ap^  =  1.2  MN/m2  and  back  pressure  pK  *  0.1  MN/m2;  Fig.  1.7b- 
when  Ap^  3  1.2  MN/m2  and  pK  =  3.0  MN/m2.  One  can  well  see  that 
the  vortex  was  divided  into  two  parts  and  between  them  was  formed 
a  liquid  bridge. 
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Fig.  1.?.'  The  flame  of  atomi¬ 
zation  of  injectors ,  operating 
under  various  conditions. 

On  Fig.  1.7c  there  is  seen  the  operation  of  the  injector 
when  Ap^  *  0.1  MN/m2  and  pK  *  0.1  MN/m2. 

Here  the  gas  vortex  occupies  almost  the  entire  visible  volume. 

f  ’  p  * 

With  the  same  pressure  drop,  but  when  pK  ■  5.0  MN/m  (Fig. 

1.7d)  the  gas  vortex  moves  toward  the  injector  exit  section. 

As  a  result  of  the  effect  of  ejection  there  appear  gas  flows, 
directedc  from  the  chamber  to  the  .injector  assembly.  The  presence 
of  such  countercurrents  was  indicated  at  one  time  by  M.  V.  Mel'nikov. 
There  is  experimentally  shown  the  possibility  of  transfer  of  liquid 
particles  by  the  shown  gas  flows. 
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Por  confirmation  of  the  advanced  hypothesis  about  the  mechanism 
of  disappearance  of  gas  vortex  special  experiments  were  conducted. 

It  was  assumed  that  if  the  spray  cone  will  not  be  changed  (is  sta¬ 
bilized),  then  there  will  not  be  conditions  for  seizure  of  drops 
by  gas  counterflow.  During  tests  of  Injectors  with  stabilized 
spray  angle  there  should  not  be  observed  phenomena,  which  lead  to 
the  disappearance  of  vortex. 

The  experiment,  conducted  with  special  adapters  for  the 
injector,  confirmed  this  position.  On  the  device  a  model  of  an 
injector  with  geometric  characteristic  A  ■  0.69  was  investigated. 

The  model  has  a  profiled  surface,  because  of  which  the  cone  angle 
of  the  injector  is  not  changed.  The  experiments  showed  that  under- 
any  conditions  with  respect  to  Ap^  and  pK  the  vortex  does  not 
disappear,  although  a  gas  counterflow  exists.  Besides  this,  with 
the  presence  of  a  profiled  surface  of  pressure  drop,  as  the  experi¬ 
ments  of  V.  V.  Logushkov  showed,  the  conditions  of  protection  of 
chamber  walls  and  injector  assembly  from  the  action  of  heat  flows 
are  improved. 

Returning  to  the  earlier  described  experiment  of  hydraulic 
pressure  drop  test  of  injectors  with  A  <  1,  it  can  be  said  that  the 
abrupt  change  of  the  flow  coefficient  for  the  group  of  injectors 
is  begun  at  smaller  Ap^  and  pH  than  with  hydraulic  pressure  drop 
test  of  a  single  injector.  This  is  explained  by  the  mutual  penetra¬ 
tion  of  spray  cones,  as  a  result  of  which  the  quantity  of  liquid  in 
the  gas  counterflow  sharply  increases.  Thereby  it  was  established 
that  the  disappearance  of  gas  vortex  for  swirl  injectors  occurs 
because  of  filling  of  the  cavity  of  gas  vortex  by  liquid,  introduced 
by  gas-liquid  counterflow  from  the  injection  chamber,  and  not  by 
liquid  supplied  to  the  injector  through  tangential  channels. 

Hydraulic  pressure  drop  tests  of  the  group  of  injectors, 
placed  in  the  injector  assembly,  showed  that  their  flow  coefficient 


28 


is  somewhat  greater  than  during  a  single  test  (by  1-32) moreover 
the  higher  the  geometric  characteristic,  the  smaller  is  this 
difference.  For  injectors  with  /l  <  1  the  "sudden  changes"  of  flew 
rate,  connected  with  the  disappearance  of  vortex,  are  displaced 
toward  lower  pressures  and  gas  densities  in  the  pressure  chamber. 


Here 

coordir 


An  X-ray  photograph  of  atomization  of  several  injectors,  placed1 
in  an  injector,  showed  that  their  spray  angles  are  changed  insigni¬ 
ficantly  in  comparison  with  the  spray  angles  measured  during 
bydx’aulic  pressure  drop  test  of  singly  operating  injectors. 


where  i 
to  the 
Maxwell 


The  insignificance  of  the  action  of  surrounding  injectors  on 
the  spray  cone  angle  of  the  investigated  injector  is  explained^  by 
the  approximate  equality  of  the  ejecting  action  on  the  part  of 
internal  ano  external  cavities,  surrouhding  the  spray  cone  of  the 
injectors . 

1.3.  Laws  of  Distribution 
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In  a  rather  general  form  the  law  of  distribution  of  the 
quantity  of  drops  with  respect  to  the  values  of  their  mass  can  be 
written  so: 


-=/vV"o  exp  ( -pmj)0=/0(«o). 


(1.28) 


where,  Nq  -  the  normalizing  factor,  which  characterizes  the  flow  rate 
of  drops  per  second: 


h’o—  — 


(1.29) 


p,  k,  v  -  parameters  characterizing  the  law  of  distribution;  - 
number  of  drops  being  formed  per  second;  m q  -  mass  of  drop  after 
completion  of  the  process  of  division,  but  before  the  beginning 
of  its  vaporization  or  diffusion  into  combustion  products: 
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Here  -  characteristic  dimension  of  the  drop,  moreover  the 
coordination  coefficient 


where  rwQ  -  radius  of  spherical'  drop,  the  mass  of  which  is  equal 
to  the  mass  of  the  considered  drop.  If  distribution  comply?  with 
Maxwell  law  with  two-dimensional  initial  dispersion,  then 


Ian  be 


'  /■  ■  ^*3-;  A=l;  J— L-;  V=2. 

°o  2«o 

where  Oq  -  mean  square  deviation  of  circular  Gaussian  dispersion. 
With  two-dimensional  initial  dispersion  the  random,  quantity  is  the 
geometric  sum  of  the  other  two  random  quantities,  subordinate  to 
Gauss,  law. 

With  three-dimensional  initial  dispersion 


H;  ‘“2:  '■■sr  "“2- 


(,1.28) 


flew  rate 


(1.29) 


During  calculation  of engines  we  frequently  use  the  formula  of 
N.  Tresh,  for  which  k  =  -3;  v= — 1;  6  £  0.2.  During  investigation 

of  particular  specimens  the  law  of  distribution  or  parameters 
k,  p,  v  in  formula  (1.28)  should  be  found  by,  results  of  processing 
the  statistical  data.  For  determinations  of  the  overall  number  of 
drops,  being  formed  in  a  unit  of  time,  we  use  equation  (1.28). 
After  division  of  variables  and  integration  we  find 


'J  mix 

n0»JV0j  m*exp(-pmj)rfm0. 


(1.30) 


The  values,  obtained  with  integration  from  0  to  mQ  min  and 
from  mQ  max  to  are  commensurable  with  the  error,  which  appears 
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as  a  result  of  the  Inaccurate  determination  of  exponents  A,  v  and  e. 
Therefore,  instead  of  formula  (1.30)  it  is  possible  to  use  formula 

«0«.V0  |  m*exp( - ( 31 ) 


The  flow  rate  ot  liquid  is  determined  by  the  product  of  the 
number  of  drops  by  their- mass.  By  introducing  the  expression  of 
mass  under  the  integral  sign,  we  obtain: 


C(0) 


)=A'0  |  m 


«o+1  cxp(-?mj)rfm0. 


(1.32) 


If  the  time  the  drops  stay  in  the  chamber  before  the  beginning 
of  vaporization  -r  is  known,  then  the  quantity  of  liquid,  which  is 
in  the  chamber  in  the  vaporization  preparation  stage*  will  be 


G(0)dt.. 


(1.33) 


The  total  number  of  drops,  located  in  the  chamber  in  the  vaporization 
preparation  stage 


-  __  «(0)T, 

fit  —  , 

w0cp 


(1.3^0 


where  Qp  -  average  value  of  initial  mass  of  drop. 

With  the  aid  of  the  chart  of  function  (1.23)  it  is  possible  to 
Judge  the  fineness  and  homogeneity  of  atomization.  The  smaller 
mQ  max  is,  the  finer  the  atomization.  The  closer  the  value  of 
m0  max  *s  t0  m0  min’  the  more  uniform  the  atomization. 
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The  uniformity  of  distribution  of  component  along  the  cross  f 
section  and  along  the  length  of  ttye  changer  ^depends  oh  the  number 
of  injectors  of  the  injector  assembly,  their  arrangement  and  on,  1 
the  law  of  distribution  of  drops,  created  by  one  injector. 

For  a  unit  of  time  through  area  dyd*t,  lo.cated  perpendicular 
to  axis  x,'  the  elementary  flow  rate  from  one  injector  will  be  [173, 


f 

dc  •»  Hr  ’ 

f  I 


•(1.35) 


where  o  -  half  the  spray  cone-  angle. 

As  a  result  of  the  intersection  of  spray  cones  and.  encounter 
of  liquid  flows  there  are  formed  secondary  sources  of  atomisation 
and  mixing,  moreover  around  the  axis  o.f  'the  secondary  source  the  ■ 
mass  of  components  is  distributed  by  normal  law. 

i  ? 

J  r 

The  quantity  of  liquid,  falling  on  the  elementary  area,  will 


J  <?(y)dy'  $  ?(*)</*, 


(1.36) 


where  G -  experimentally  determined  flow  rate  of  liquid  from  the  ' 
secondary  source. 

!  i  '  *■  i 

Let  us  write  the  values  of  functions  of  density  of  distribution 


<p(y)=— ~ - exp.f — „  9^g~);  ’ 

V2nxtga  \  2xU&a  J 


(l.$7) 
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By  substituting  the  yalues  of  functions.fromformuiaq  (I,37):  and 
,  M . 38)  in  expression  (i. 36 )  and'  summarizing  flow  rates  through 
all  the  injebtors,  fdr  apy  fe-ifch  component  we  find  .  . 
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'  (1.39:) 
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By  using  formula  (1 . 39 )  for  oxidizer  and  then  for  fuel,  Xt  is 
possible  to,  establish  the  law  of  dist^ibutipn  of  the  component  ratio 
in  the  form  1  !  \ 


G2  L1-') 


(1.  ^40 ) 


(  Duripg  the  experimental  determination  of  the  character  of 
distribution  of  components  along  the  length  and  cross  section  of. 
the  cci’ibustion  chasshfeT  various  'metho’ds  are  used.  In s  certain  cases 

{  1 

one  of  thfe  •components  is  •.tinted  or  such  components , are  selected,  , 
which  after  mixing  are  easily  separated  (for  example,  water  and 

1  *  t  '  J 

•kerosene).  Promising-  .application  is  the  method,  of  tagged  .atoms ; 

1  (  * 

it  is  possible  into  one  component  to  add  an  isotope;,  which  possesses 
beta-activity,  and  into  the  other  -  gamma-activity.,  When  photo-  ( 
graphin'g  the  process  of  'mixing  the  application  of  X-ray  instruments 
is  not  excluded.  ,  1  1 


at-ure  -  a 
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In,  the  accepted  scheme  of  calculation  the  flow  of  liquid 

is.  diverging,  moreover  the  peripheral  injectors  will  circu'mflow; 

.  .  1  *  . 

the  chamber  walls.  In  actual (conditions  during  the  motion  of  liquid 
there  takes  place  ejection  of  gas,,  as  a  result  of  which  the  pressure 
'  on  tHe  axis  of  the-  chamber  should  -be  distinguished"  from  pressure 
in  the  cavities ,  adjacent  to.  walls.  Besides  this,  pressure  will 
be  Changed  along  the  (axis  length  of  the"  chamber' axis,.  'All  this  leads  to 
the  unique  location  of  liquid  phase, in  the  internal  volume  of  the. 
chamber.  ,  ,  .  * 
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(1-39) 


it  is 
nt  ratio 


(1.40) 


>n  of 


i  cases 


Possesses 

iioto- 

pruments 


of  liquid 
pressure 
5  sure 


is  leads  to 
'I'  the. 


.  Heating  of  a  Drop  to  the  Beginning  of 


Under  the  effect  of  heat  flow,  directed  from  combustion 
products,  the  mass  of  the  drop  is  warmed  up.  Let  us  examine  the 
period  of  time,  when  the  surface  layer  of  the  drop  reaches  the 
boiling  point,  which  corresponds  to  the  prescribed  pressure  in 
the  chamber. 

For  determination  of  the  character  of  distribution  of  temper¬ 
ature  along  the.  radius  of  drop  and  in  time  we  should  use  the 
differential  equation  of  thermal  conductivity,  which  in  spherical 
coordinates  has  the  form 


-jir[rj'(r,t)\=axJL[r,T{r,i% 


(1-41) 


where  a  -  coefficient  of  thermal  conductivity  of  liquid,  moreover 


At  the  initial  moment  of  time  the  temperature  of  liquid  in 
the  drop  at'  any  distance  from  the  center  of  mass  is  constant  and 
is  equal  to  a  certain  prescribed  temperature  TmQ>  i.e.. , 


r<r„0)=T*p 


(1.4?) 


Heat  flow  q  supplied  to  the  surface  of  the  drop  is  completely 
transferred  to  liquid;  this  condition  is  written  so: 


where  r  -  radius  of  external  surface  of  the  drop. 

H 


(1.43) 


For  a  spherical  drop  according  to  conditions  of  symmetry  of 
warming  and  distribution  of  temperatures  along  the  radius 

-ir(0.vi]==o.  u.44) 


Such  are  the  boundary  conditions  of  the  problem.  The  solution 
of  differential  equation  (1.41)  at  initial  (1.42)  and  boundary 
(1.43)  and  (1.44)  conditions  has  the  form  [59] 


3rl—Sri 

10r* 
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/.liny,. — 
0** 


exp 


(1.45) 


where  v.n  -  the  roots  of  characteristic  equation,  moreover,  if 
Biot  criterion  !Bi  ■*  6,  then  y^  *  0.0000;  y2  *  4.4Q34;  y^  *  7.7253; 

=  10. 9041,.;  y «  14.0662;  y>g  *  17.2208.  With  increase  of  Biot 
criterion  trie  numerical  values  of  roots  are  increased  [59']. 


For  determination  of  the  temperature  of  liquid  on  the  surface 
of  the  drop  in  expression  (1.45)  instead  of  the  current  value  of 
r  one  should  substitute  the  radius  of  the  external  surface  r  .  In 

H 

this  case  We  obtain 


*•(*■«/)- rrt+? 


(1.46) 


At  large  values  of  Fourier  number 


(1.47) 


series  (1.46)  converges  rapidly. 
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1.  Mo¬ 
tion 


1.45) 


The  heating  perioo  of  the  drop  to  the  ber.innini?  o**  vaporization 

is  x'inished  at  moment  of  time  x  s which  corresponds  to  achievement 

of  boiling  point  T.  by  the  surface  of  the  drop-  To  this  moment 

«? 

.  of  time  corresponds  condition 

T(r»,  x,)=fn,,.  ( i.  148) 


By  substituting  in  equation  (1.4b)  t  -  instead  of  t  and  considering 
equality*  (1.48)-,  -the  value  of  t  is  found  graphically.  For  annroxi- 

a  " 

mate  determination  of  the  value  of  t.  let  us  use  formula 

8 


(1.49) 


where  e  -  the  coefficient,  considering,  the  effect  of  discarded 
terms  and  unconsidered  factors  of  heat  exchange;  ow  the  heat 
capacity  of  liquid. 
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For  determination-  of  heat  flow  from  combustion  products  to 
liquid  in  the  period,  with  still.no  mass  removal  from  the  drop, 
it  is  possible  to  use  formula 


4*0,3  Re0-'  Pr°'w)  ( TK  -  r»,). 


(1.50) 


Here 


1.47) 


Rc 


2 1 W  C  \  r„. 
v« 


0.5D 


where  C  -  velocity  of  motion  of  drop;  W  -  velocity  of  gas  flow, 
circumf lowing  the  drop; 


pr_  VkV.Ck  . 

AK 


(1.52) 
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T  ~  temperature  c£  £as  in  the  combustion  chamber  in  the  regior. 

H 

of  proheating  of  liquid  propellant;  Ak  -  coefficient  of  thermal  • 
conductivity  of  drop. 

If  200  <  He  <  3000.,  then  according  to  D.  N.  Vyrubov 

.  **sd,26-k-R©«(  Tk-T„).  (1.53) 

■ 


Now  instead'  of  'relationship  M.*f9)  we  will  have  a  relationship 
which  allows  approximately  determining  the  time 


rrr  tCJK 


rM  -  rj  re, 
tk-t.as  r  15  J* 


(1.5*0 


For  determination  of  t  at  conditions  there  are  widely  used  the 
recommendations  given  in  [48]. 


For  determination  of  2'w  one  should-  use  the  results  of  processing 
experimental  uafca  or  formula  [15] 


l\s~ 


Pk 


(1.55) 


where  -  the  boiling  -point  at  pressure  p  =  lj.  R  -  gas 

constant . 


..hen -using  formula  (1.5*0  the  greatest  difficulties  appear 
when  determining  the  gas  parameter  in  the  preheating  region  of 
drops.  Some  experiments  give  T  -  80G-1200°K.  Considering  the 

K 

presence  of  countercurrents  in  the  region  of  the  injector  assembly, 
on  the  average  we  obtain  |5F—CJ  =  20-50  m/s. 

For  all  practical  purposes  the  numerical  values  of  parameters 
should  be  determined  by  calculation  and  by  experiment  for  each 
separate  case; 
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(1.53) 
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1.5 .  Change  of  the  Mass  of  Drop  in  the. Period 
"  of  Its  Vaporization;  '  ' 


The  mass  trails fer  between  drops'  and  gaseous  products  is 
characterised  by  equation 


(2+0,6  Re°'s  Pi*®), 


(1.56) 


where  B  -  proportionality  factor;  Nufl  -  Nussolt  diffusion  criterion,. 


moreover 


Nu,=2-~ 

Dqx 


where  qm  -  specific  flow  of  mass  from  the  surface  of  drop;  D 
diffusion  coefficient. 


( 1 .57) 


The  Reynolds  number 


Re — 2  -1- y  —  C 1 


(1.58) 


The  Prandtl  diffusion  criterion 


P.r 


*  "  D  ' 


(1.59) 


At  large  Re  numbers  the  addend  in  formula  ( 1; 56 )  can  be  disregarded, 
in  this  case  ;we  obtain 


qm~0A'25BDv, 
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(1.60) 
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The  mass  of  drop 


*.,=4  -~eKrJ; 


(1.61) 
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specific  flow  of  mass 


where 


(1.62) 
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consequently,. 


.  (1.63) 

'•m 

By  equating  expressions  (1.60)  and  (1.63),  after  division  of 
variables  we  find 
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By  integrating  the  left  side  from  rQ  to  rH  and  the  right  side  from 
0  to  t,  we  obtain 
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The  equation-  of  law  of  change  of  the  mass  of  drop  can  be  obtained 
by  using  a  criteria!  equation  in'  the  form 


0-1.61); 


Nu-2+0,6Re®*PrM*, 


(1.67) 


where 
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Nu=2  ; 
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(1.68) 


Re— 2 


(1.69) 


(1.63) 


Pr. 


(1.70) 


of 
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In  this  case  the  heat  flow  from  gases  to  the  drop 


?=-i*-(2-j-0,6  Re”  Pr^Xr.-T’*,). 

2r  h 


(1.71) 


side  from 


(1.65) 


(1.66), 


By  disregarding  the  addend  in  expression  (1.71),  we  find 


y/  |ir“CJ-  (r, - TJ)  Pr08*; 


(1.72) 


The  specific  heat  flow,  consumed  in  vaporization  of  the  drop. 


q  tm  * 


(1.73) 


By  equating  expressions  (1.72)  and  (1.73),  after  integration  and 
conversions  we  obtain 
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where  for  a  drop,  already  preheated  to  T  , 
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If  we  approximately  take  into  account  the  warming  up  of  the  entire 
mass  of  the  drop  to  temperature  T  ,,  then 

W  o 


^ =0,638$, 


ir-ci 

V,  ' 


!• <—T*> _ _ pf«,»  # 

0*  [^  +  —  7-*o)  ] 


(1.7,5) 


The  diffusion  coefficient  is  approximately  numericaJly  equal 
to  the  coefficient  of  thermal  conductivity,  i.e., 

(1.76) 


All  parameters  in  equation  (1.76)  correspond  to  identical  condition  of 
heat-mass  transfer. 

By  substituting  the  value  of  D  from  equation  (1.76)  in  formula 
(1.66)  and  equating  the  right  sides  of  (1.66)  and  (1.75),  we  find 

t  (1.77) 

' * 

If  we  perform  calculation  with  allowance  for  time,  consumed  on 
preheating  the  drop,  then  approximately 
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The  coordination  coefficient  x  1°  engineering  practice  is  refined 
experimentally . 


1.6.  Transition  Processes  of  the  Mass  of  a 
Drop  into  Products  of  Burning 

Sub critical  pressure 

In  the  period  of  vaporization  the  drop  is  surrounded  by  vapors 
and  by  transformation  products,  which  form  a  "cloud."  The  size  of 
the  cloud  continuously  changes;  the  quantity  of  vapors  is  increased 
because  of  vaporization  of  liquid  and  is  decreased  as  a  result  of 
their  diffusion  into  products  of  burning..  If  C  *  Ws  then  the  cloud 
has  the  shape  of  a  sphere.  If  C  >  W,  then  the  cloud-  follows  a  drop, 
forming  a  "tail."  If  W  >  C,  then  the  drop,  surrounded  by  a  cloud,  moves 
with  the  tail  forward. 

The  penetration  of  vapors  into  combustion  products  is  described 
by  the  equation  of  diffusion,  which  in  spherical  coordinates  for  a 
spherical  cloud  has  the  form 

- D ^L[RoAt)c(R,f)],  (  L.Y8) 

where  R  ,(t)  -  radius  of  external  surface  of.  the  cloud,  which 

OD 

changes  with  time;  o(R,  t )  -  concentration,  which  depends  on  the 
current  value  of  radius  R  and  is  changed  with  time;  D  —  diffusion 
coefficient,  moveover  in  the  most  general  case  it  is  equal  to  the 
sum  of  coefficients  of  molecular  and  turbulent  diffusion. 

At  moment  of  time  t  *  0  for  any  value  of  R  -  r  the  concentration 

H 

of  vapors  is  equal  to  zero;  therefore  the  initial  condition  will  be 
written  so: 


c((/?-r0).0]=0. 


(1.79) 
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where  rQ  -  radius  of  drop  at  moment  t  =  0 . 

Being  guided  by  the  law  of  conservation  of  mass,  the  first 
boundary  condition  can  be  written  so: 

f 

~  \  RUftcmdR.  (1.80) 

3  im  i 

Condition.  (1.80)  shows  that  at  any  moment  of  time  the  decrease 
of  mass  of  drop  (the  left  side  of  the  equation)  is  equal  to  the  mass 
of  products  in  the  cloud  and  in  the  combustion  products.  Under 
actual  conditions  the  value  of  the  upper  limit  of  integration  is 
determined  by  the  geometry  of  the  chamber.  Integration  within  limits 
to  infinity  will  not  introduce  noticeable  error,  inasmuch  as  the 
concentration  of  diffusing  products  is  rapidly  decreased  with  removal 
of  the  drop  from  the  surface. 

At  any  moment  of’  time  the  derivative  from  concentration  with 
respect  to  the  radius  of  cloud  on  the  surface  of  the  drop  is  equal 
to  zero,  therefore  the  second  boundary  condition  is  written  so: 

~'Ic(r,./)J«0.  (1.81) 

The  equation  of  the  law  of  conservation  of  mass  of  vaporizing 
drop  has  the  form 

ma-ma+mo6+mv,  (1.82) 

where  -  mass  of  drop'  before  the  start  of  vaporization;  mH  -  current 
value  of  mass  of  drop;  mQ6  -  mass  of  cloud;  mass  of  vapors, 

diffused  into  products  of  burning. 
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Having  taken  the  time  derivatives  from  expressions  11.82) 
and  (1.61),  we  find 


/n,=4«-jS-rJr,, 


(1.83) 

(1. 8H) 


and  also 


m0„=4ft  -e—(Rl6#ct—rl\). 
<0« 


(1.85) 


,It  is  known  that 


mD~  —  4n/?otD- 


(1.86) 


Thus, 


(1.87) 


To  investigate  the  process  of  vaporization  there  is  used  system  of 
equations  (i.7!0,  (1.-78)  and  (1.87). 

Supercritical  pressure 

For  a  spherical  drop  the  diffusion  of  mass  into  products  of 
burning  is  described  by  equation 


(1.88) 


l 


s- 


At  the  initial  moment  of  time,  i.e.,  when  t  -  0,  at  any 
distance  of  R  -  r  from  the  surface  of  the  drop=  the  concentration 
of  substance  of  the  drop  is  equal  to  zero.  Consequently,  ;he  initial 
condition  will  be  written  so: 


4(/?-r,).0]=0. 


(1.89) 


At  a  certain  moment  of  time  tQ  and  at  .any  other  moment  of  time 
t  >  tQ  the  whole  mass  of  the  drop  will  pass  into  the'  area  of  products 
of  burning,  which  is>  conditionally  assumed  infinite,  therefore  the 
boundary  condition  will  be  written  so: 
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(1.90) 


For  a  spherical  drop  the  second  boundary  condition  is  determined 
by  the.  fact  that  at  any  moment  of  time  in  the  center  of  the  drop 
derivative 


dr 


-C  (0,0=0. 


(1.9D 


Diffusion  of  the  mass  of  drop  into  the  area  of  products  of 
burning  proceeds  very  rapidly.  Therefore,  calculation  can  be  performed 
under  the  assumption  of  instantaneous  separation  of  mass.  Considering 
the  small  sizes  of  the  drop,  it  is  possible  to  be  guided  by  a-  point 
source.  In  this  case  the  solution  of  equations  (1.88)  will  be 
written  so: 


c(R,t)=--~ 
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1.7.  Characteristic  of  Vaporization 

The  character  of  growth  of  products  of  burning  with  time  or  along 
the  length  of  the  chamber  is  frequently  called  the  burnout  curve. 

Let  us  assume  G( 0)  will  characterize  the  instantaneous  inflow 
of  liquid  propellant  into  the  chamber,  moreover  as  the  beginning  of 
timing  we  will  take  the  moment  of  entry  of  propellant  into  the 
combustion  chamber. 

The  instantaneous  inflow  per  second  of  gaseous  vaporization 
products  into  the  chamber 


GB.t~G(0)~G(0, 


(1.93) 


where  G{t)  —  the  instantaneous  quantity  of  propellant  per  second, 
which  entered  the  chamber  at  moment  of  time  t  »  0  and  remained  in 
liquid  state  to  moment  of  time  t. 

The  characteristic  of  vaporization  ij>(i)  is  the  relationship  of 
instantaneous  quantity  of  vaporization  products  per  second,  formed 
at  moment  of  time  i,  to  the  instantaneous  quantity  of  propellant 
per  second,  which  entered  the  chamber  at  moment  of  time  t  -  0,.  i.e.. 


Q(0)-GW  ,  _  ait) 

^  1  CXO)  (7(0)  * 


(1.94) 


As  was  shown. 


dn 


(1.95) 


At  the  initial  moment  of  time  the  density  of  distribution  ( dn/dm q)  is 
characterized  by  function  /g(m q),  depending  on  the  initial  values  of 
masses  of  drops  Wq. 
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The  mass  flow  rate  per  second  at  moment  of  time  t  -  0  is 
determined  by  the  product  of  the  number  of  drops  by  their  initial 
mass ,  The  number  of  drops  when  t  -  0 


na 


•jj 0(m0)dm0. 


Inasmuch  as  mass  -  variable  quantity,  then  for  determination  of 
•  the  flow  rate  of  liquid  the  value  of  mass  should  be  introduced  under 
the  integral  sign: 


Cl. 97) 


At  any  arbitrary  moment  of  time  t  the  equation  c/f  the  density  of 
distribution  will  be  written  so: 


in 
dm * 


/(•«.). 


.(1.98) 


where  mH  -  the  current  value  of  the  mass  of  drop,  moreover,  by  using 
equality  (1.74),  let  us  find 

*■“(»!$*- Vp.  (1-99) 


where 


(1.100) 


Instead  of  expression  (1.99)  there  can  be  taken,  of  course,  another 
law  of  vaporization,  if  it  is  more  suitable  for  the  given-  particular 
conditions . 
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According  to  formula  (1.95)  we  have 


dn=f<,(mtydmo. 


According  to  formula  (1.98)  we  find 


(1.101) 


(1.102) 


By  equating  the  right  sides  of  expressions  (1.101)  and  (1.102),  we 
find  the  law  of  distribution  for  any  moment  of  time-t  in  the  form 


/(mi)==/o(,n«)  “*“• 


(1.103) 


By  analogy  with  expression  (1.97)  it  is  possible  to  write  the 
formula  for  determination  of  the  flow  rate  at  any  moment  of  time:' 


G(0=f  m,f(m,)dm,. 


(1.10*1) 


By  using  equality  (1.103),  we  find 


C(<)— J 


(1.105) 


dm 
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C.omplex  /q("!q)  can  be  expressed  through  the  value  of  current  j 
mass  m.  Masses  and  are  connected  by  equation  (1.99),  so  that 

H  U  H 


(1.106)  J 


J 


*  f 


Now  equation  (1.105)  takes  this  form: 


G(0=jm.fo  [K5+ W)5}  (  1  +^r)  <  L  • 10  7  ) 

Inasmuch  as  equation  (1;99)  is  valid  for  a  drop  of  any  size,.  We 
find  that  the  mass  of  the  coarsest  drop  will  be  changed,  so: 

«'«„=(<Lx“W)s-i  (1.108) 

Thus,  under  our  conditions  expression  (1.107)  takes  the  form 

G(0=f“m,/o[W+V)3](  (1.109) 


1 

chambe- 
gated, j 
exit  il 


’I 

the  no* 
of  con' 
ehambe 
arid  so' 
G.  can 

X 

i 

\ 


The  flow  rate  at  any  moment  of  time  can  be  expressed  through 
the  value  of  initial  mass,  in  .this  case  we  will  have 


m0 

G  ( t )  =  f  (m°0s  -  }Mty  f0  (mg)  dm0. 


(1.110) 


An  expression  for  determination  of  the  characteristic  of 
vaporization  <f >(t)  with  timing  from  moment  Tfl  can  be  written,  by  using 
equations  (1.9^),  (1.97)  and  (1.110). 

1.8.  Relationships  Between  the  Plow  Rates  of 
Propellant  Components  Per  Second 

Depending  on  the  purpose  of  research,  the  relationship  between 
the  flow  rates  of  propellant  components  per  second,  or  briefly  - 
the  component  ratio,  is  determined  differently. 
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1.  If  there  is  studied  the  connection  between  the  combustion 
chamber  and  feed  system  and  low-frequency  oscillations  are  investi¬ 
gated,  then  the  ratio  of  oxidizer  G ^  and;  fuel  G 2  at  the  injector 
exit  is  designated  so:- 


Qi(0) 

1  Os(0)‘ 


(1.111) 


Gt=G,  (/)+/,  (/)exp  { — i  fa  (/)*+?,]}. 


(1.112) 


Here  time  t  characterizes  the  moment  of  arrival  of  the  component 
into  the  combustion  chamber.  The  amplitude  of  oscillations  A,{t) , 
just  as  frequency  oi (*),  are  changed  with  time  depending  on  the  design 
and  operating  conditions  of  the  engine.  Phase  shift  <(» .  is  determined 
mainly  by  the  geometry  of  flow  ducts  and  the  operating  conditions 
of  the  power  plant.  The  exponent  in  formula  (1.112).  is  a  complex 
number. 


If  nominal  flow  rate  G.  (t) ,  amplitude  A.'(t),  frequency  u>.  (t) 

“V  '  T* 

and  phase  shift  <{>.(£)  are  not  changed  with  time,  then,  being  guided 
by  their  average  values  G. ,  A. ,  w . ,  I.,  we  obtain 
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In  the  case  of  sinusoidal  oscillations 


(1.113) 
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(1.114) 


The  flow  rates  of  components  change  with  time  as  a  result  of 

the  nohuniformity  of  operation  of  units  of  the  power  plant,  the  action 

of  control  elements,  fluctuations  of  pressure  in  the  combustion 

chamber,  wave  processes  in  the  hydraulic  elements  of  the  feed  system 

and  so  forth.  In  rather  general  form  the  flow  rate  of  component 

,G .  can  be  represented  so: 
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2.  The  burning  conditions  of  propellant  are  determined  by  the 
current  value  of  the  component  ratio 


<ii  (0  ' 


Cl. 115) 


3.  The  conditions  of  occurrence  of  chemical  reactions  in  gaseous 
phase  depend  on  relationship 
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1.-9.  The  Rate  of  Change  of  Component  Ratio 

The  component  ratio  determines  the  value  of  a  number  of  parameters, 
including  the  rate  of  burning  U  and  the  efficiency  of  gas.  For  the 
prescribed  propellant  by,  calculation  -or  from  results  of  processing 
of  experimental  data'  it  Is  possible  to  determine  the-  relationship 
of  gas  efficiency  to  the  component  ratio,  i.e.,,. 


of  co 
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RT-RT(  *,). 


(1.117) 


By  differentiating  expression ‘(1.117) ,  we  find 


(1.118) 


Consequently,  with  change  of  the  component  ratio  in  time  the  power 
being  expended  or  consumed  by  the  burning  flow  [67] 


where 
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depends  on  the  properties  of  components  and  the  burning  conditions . 
According  to  equality  (l.li8)  the  considered  power  depends  on  the 
rate  of  change  of  the  component  ratio  and  on  the  absolute  value  of  the 
component  ratio.  The  total  derivative  of  component  ratio 


+Cgrad*t. 


(1.120) 


Local  derivative  3fe.j/3 t  characterizes  the  change  of  component  ratio 
with  time  at  the  combustion  chamber  inlet  and  is  determined  by  the 
operating  conditions  of  the  feed  system. 

As  a  result  of  the  different  rate  of  vaporization  (or  diffusion) 
of  components  there  appears  the  need  to  consider  coordinate  derivatives 
from  component  ratio  -  the  second  term  of  the  right  side  of  equation 

(1.120) s 

As  was  noted  above,  the  efficiency  of  gases  depends  on  the 
component  ratio,  moreover*  to  the  largest  value  of  RT  corresponds- 
some  optimum  value  of  felof1T>  at  which  ^-(RT)  *  0.  If  <  felonT  » 

then  yjr-(.flf)  >  0;  when  fe1  >  klonT>  then  ^(.ST)  <  0. 

By  using  equations  of  state  and  (1.118),  we  find 


(1.121) 


where  Y  ,  V  -  the  amount  of  gases  in  the  chamber  and  the  chamber 

H  K 

volume.  By  integrating  equation  (1.121),  we  find 
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Thus,  with,  change  of  the  component  ratio  with  time  a  change  of 
pressure  in  the  chamber  can  be  observed.  If  derivative  k  appears 
in  the  limited  part  of  the  chamber  volume,  then  the  change  in  pressure 
will  bear  a  local,  character.  In  this  case  a  pressure  wave  can  appear, 
which'  is  propagated  along  the  chamber  volume.  Upon  reaching  the  walls 
it  will  be  reflected  from  them  and  intersect  the  area  of  burning.  As 
a  consequence  acceleration  of  burning  can  occur,  which  under  certain 
conditions  will  lead  to  intensification  of  wave  processes . 

Ab.ove  we  examined  the  change  of  flow  rate  of  component  with 

time: 

for  oxidif'r 


6'j =Ui -f  .A,  exp  [—/(<#,/ (1.123) 
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for  fuel 


■  G2~G2-j-  -A2exp)[  — 
By  differentiating,  we  find 
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then  after  conversions,  having  accepted  *  f*>2  “  “>  we  obtain 


dt  Oj  exp  (/»/)  +  A2  exp(— a) 

|  5|exp(/*<)  +  Aiexp(— /fi)  ^ 
Gjcxp  (m)  -f 12  exp  (—  ifj) 


7— rrh^.  exp  (.-/?,  )  + 


exp(-/%)j. 


(1.128) 


Ih~-t-he-  case  of  sinusoidal  oscillations 


~k |=~; . — - r  — - - - - z - —  [-A,cos?,+ 

G2  cos  »<  +  iGj  sin  u>t  +  A2  cos  <f2 — sin  f  2 


(1.123) 
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^  5i  COS  at  +  IG\  sin  1 at  +  Al  COS  ii  —  Ml  sin  T ! 
•  Gj  cosZt  +  iOj  sin  (7f  +-M2  cos  —  M2  sin  ¥2 


(1.129) 


In  order  to  guarantee  =  0  during  operation  at  steady  state, 
it  is  necessary  to  safisfy  conditions 
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Example  1. 

Investigate  the  character  of  change  of  the  component  ratio  of 
propellant  in  time  at  the  injector  edge  during  cruise  operation  of 
the  engine  [67]. 

Given. 


Disturbance  of  liquid  flows  appears  at  the  exit  from  the  flow 
areas  of  centrifugal  pump  impellers,  moreover  the  rpm  of  the  shaft 
of  the  turbopump  unit  is  equal  to  470.  Each  impeller  has  6  blades 
each.  Spectrographic  research  of  oscillations  showed  that  the 
oscillations  are  close  to,  sinusoidal. 

By  the  oscillograms,  obtained  during  engine  test,  it  has  been 
established  that  amplitudes  in  the  oxidizer  and  fuel  chains  are 
equal  to  =  0,4  kg/s  and  J2  =  0.75  kg/s  respectively. 

By  comparing  the  oscillograms,  on  which  the  character  of  change 
of  flow  rates  at  pump  outlets  and  nozzle  inlets  is  recorded,  we 
managed  to  determine  the  phase  shifts:  on  the  oxidizer  chain  4^  » 

=  0.25  rad  and  on  the  fuel  chain  $2  =  °*55  rad. 

Solution. 

To  get  the  complete  idea  about  the  character  of  change  of  the 
component  ratio  in  time  and  the  chamber  volume  it  is  necessary  to 
examine  a  system  of  three  equations . 

The  first  equation  should  characterize  the  distribution  of 
flow  rates  of  propellant  components  along  the  cross  section  of  the 
chamber  depending  on  the  location  of  injectors  and  their  characteris¬ 
tics  .  The  second  equation  should  give  the  possibility  of  determining 
the  change  in  the  component  ratio  along  the  length  of  the  chamber 
depending  on  the  character  of  propellant  burnout  (see  1.7)*  As  the 
third  equation  it  is  necessary  to  use  equation  (1.129),  allowing  the 
determining  of  the  change  of  the  component  ratio  with  time  at  the 
injector  edge. 

Let  -us  determine  the  frequency  of  disturbing  oscillations 
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With,  sinusoidal  oscillations  [formula  >(1.129)  ]  let  us  calculate  by 
the  following  scheme. 


Let  us  assign  interval  Lt. 

Let  us  fix  current  time  t. 

Let  us  calculate  circular  frequency,  to 
Let  us  determine  C3 ) * ( 2 ) . 

On  the  table  we  find  cos  (*(). 

On  the  table  we  find  sin  (4). 

On  the  table  we  find  cos 


8.  0n<  the  table  we  find  sin 


9.  Oi-  (5). 

10.  Gt  •  (6)  >  i. 

»1.  At'  (7). 

12.  At.  (8) •  /. 

13.  (9) +  (10): 

14:  (10) — (12). 

*15.  (3)-(13). 

16. (3)-(14). 

17.  (13)*. 

18.  (14)*. 

19.  (17)  +  (18). 

20.  (I6):(18). 

21.  ( 1 5) :  ( 1 9) . 

22.  coatpi. 

23.  cos  q,j. 

24.  A,-  (22). 

25.  /U-  (23)  W. 

26.  Oi*  (5). 

27.  Ct  •  (6). 

28.  (26)  +  (24) . 

29.  (27)— (25). 

30.  (28). (13). 

31.  —(28)  •  (14)  •  /. 

32.  (29)  •  (13) .  f. 

33.  (29M14). 

34.  (30j  +  (33). 

35.  (31) +  (32)  •(. 

36.  (34) :  (19): 

37.  35)  :  (19)  .7. 

38.  (36)-(ll). 

39.  --(36) .  (12) -i. 

40.  (37)  •  (11)  ■  (. 

41.  (37M12). 

42.  (38) +  (41). 

43.  (39)  +  (40)  •  /. 

44.  (42) +  (24). 

45.  (43) +  (25)./. 

46.  (20) -(44). 

47.  (20) .  (45) .  /. 

48.  (21).  (44)./. 

49.  — (21). (45). 

50.  (46) +  (49). 

51.  (47) +  (48)./. 

52.  (50)’. 

53.  (5!)*. 

54.  (52) +  (53). 


#  t 

55.  We  find  the  modulus ,.  which  will  characterize  the  sought 
value  of  derivative  *  (51*)  . 

We  determine  the  phase,  which  characterizes  .the  displacement  of 

values  kj  in  comparison  with  initial  values  of  flow  rates,,  moreover- 

ip?  ®  arc  tg  [(51) :  (50)  ]. 

R1 

The  given  algorithm  is  used  for  compiling  a  program  for  a  digital 
computer.  Thus,,  :for  instance,  for  the  accepted  values  of  parameters 
on  an  .M-20.  machine  in  the  initial  step  of  calculation  >the  following 
results  were  obtained: 


-ooooooooooo 

+  03111299008 
+  01  441836457 


—  03999999999 
+  03 105583680 
+  01  452495143 


—  02200000000 
+  03 104122163 
+  01  462804138 


-02300000000 
+  03 106698268 
+  01  155151365 


—  02  400000000 
+  03113696824 
+  01  144321547 


•In  the  first  lines  of  each  column  there  is  recorded 
the  time,  in  the  second  -  the  value  of  modulus  and 
In  the  third  -  phase. 


i 


! 


Fig.  1.8.  For  the  example 
of  calculation. 
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Research  and  calculations  showed  that  during  engine  operation 
k.  and  $  on  the  injector  edge  are  continuously  changed  In  time,  as 

,L  K 

is  seen  on  Fig.  1.-8,  constructed  from  calculation  results. 

1. 10 .■  Characteristic  Times  of  Conversions 

The  total  time  -the  burning  propellant  stays  in  the  combustion 
chamber 


r-t,+/*+4+«U 


(1.131) 


where  t  —  time  from  the  moment  of  -entry  of  liquid  propellant  into 

o 

rthe  combustion  chamber  to  the  beginning  of  its  vaporization;  t  - 
time  of  vaporization;  —  time  .of  chemical  transformations ;  e  - 
time  of  passage  of  combustion  products  through  the  chamber  to  the 
critical  cross  section,  called  the  time  of  stay  of  combustion  products 
in  the  chamber. 

The  determination  of  the  time  of  chemical  transformations 
presents  considerable  difficulties.  To  this  question  are  dedicated 
special  sections  of  the  course  of  kinetics  of  chemical  gas  reactions 
C ^ 33 »  C96].  When  performing  engineering  calculations  we  use  approximate 
relationships . 

The  reaction  rate 


(1.132) 


In  the  examination  of  the  element  of  volume  the  reaction  rate 


ie 

it 


(1.133) 
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According  to  the  law  of  mass  action  -the  reaction  rate  of  the  first 
power 


«— — kc. 


( 1.134) 


-where  fe  -  the  reaction  rate  constant. 

After  separation  of  variables  and  integration  for  the  current 
concentration  we  find 


cfjcoexp(—«*)..-  (1.135) 

For  the  reaction  of  n-th  power 


(1.-136) 


where  v  —  the.  stoichiometric  coefficient  of  the  reaction. 

Equation  (1.135)  is  even  suitable  for  calculation  of  complex 
processes,  if  the  calculations  are  done  in  the  first  approximation, 
and  values  of  <?Q  and  k  are  taken  on  the  basis  of  experimental  data 
[433,  [9t>] . 

The  time  of  stay  of  combustion  products  in  the  chamber  is 
"determined  in  the  following  manner. 

The  gas  velocity  in  the  section  of  the  chamber  with  length  l 


W' 


By  the  equation  of  continuity,  considering  the  cross-sectional  area 
of  the  chamber  variable,  we  find 


Accor 


The  s 


where 


n  --  t 


Being 
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e  first 


(1.1>34) 


current 


(1.135) 


(1.136) 
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According  to  the,  equation  of  state 


C“  RTU 


The  specific  pressure  pulse 


(1.137) 


l 


L _  P K  B  -  RT, 

P  7i  ~~T~ ' 


where 


h-tt  r  ^ r 


(1.138) 


(1.139) 


n  -  the  politropic  index.  After  conversions  we  find 


s==jl  [-m=di 


(1.140) 


Being  guided  by  the  average  values  of  a  and  RT  ,  we  find 

/'  H 


,_j!==JL_ 

«f«pKw«  f^rt%  *■ 


(1.141) 


Formula  (1.141)  is  used  for  determination  of  the  combustion 
chamber  volume.  The  value  of  e  sufficient  for  complete  combustion 
depends  on  the  properties  of  components,  the  carburetion  conditions, 
the  components  ratio,  pressure  in  the  chamber;  it  is  determined 
experimentally . 
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Concise  information  about  chain  reactions 

Chemical  reactions  are  simple  and  complex.  A  simple  reaction 
proceeds  -in  one  elementary  act;  the  chemical  equation  of  such  a 
reaction  is  identical  to  stoichiometric  equation.  A-  complex  reaction 
is  the  totality  of  acts;  which  proceed  in  series  or  parallel,  or 
both  in  series  and  parallel.  In  a  complex  chemical,  reaction- 
intermediate  substances  are  formed,  which  as  a  rule  are  more  active 
than  initial.  We  distinguish  ordinary  and  chain  complex  reactions. 

In  an  ordinary  complex  reaction  an  active  particle  (active 
center)  produces  the  intermediate  substance,  changing  into  the 
reaction  product.  • 

A  chain  reaction  is  distinguished  from  complex  by  the  fact  that 
here  simultaneously  with  the  product  of  flow  rate  there  appear  active 
particles,  i.e.,  continuous  regeneration  of  active  particles  occurs. 
The  reaction,  started  by  one  active  particle,  because  of  the 
repetition  of  cycles,  caused  by  reappearing  active  particles,  is 
not  ceased  until  the  disturbance  of  the  sequenc.  of  cycles,  caused 
by  the  destruction  of  active  particles.  During  the  study  of  chain 
reactions  two  sources  of  active  particles  are  considered  -  an  external 
source  and  the  appearance  of  particles  during  the  reaction  itself. 

Since  the  chain  reaction  is  characterized  by  the  fact  that  in 
one  link  of  the  chain  for  every  vanished  active  particle  on  the 
average  there  appears  more  than  one  new  active  particle,  such  a  chain 
reaction  is  called  branched. 
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Gas  reactions  do  not  conform  to  the  classical  laws  of  chemical 
kinetics  -  to  the  law  of  mass  action  and  to  Arrhenius  temperature 
law.  This  is  understandable,  since  the  mechanism  of  gas  burning  in 
actuality  proves  to  be  more  complex  than  follows  from  ordinary 
stoichiometric  equations. 
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The  chain  reaction  is  characterized  by  -the  length  of ‘the  chain, 
which-  is  the  ratio  of  the  reaction  rate  to  the  rate  of  thermal 
generation  of  active-  particles.  This  ratio  is  equal  to  the  number 
of  molecules  of  the  reaction  product,  which  are  on  every  active 
particle,  forming  under  the  action  of  heat. 

Experimental  data  show  that  active  particles  are  chemically 
unsaturated  products  -  free  atoms  and  radicals.  Consequently,  the 
initial  formation  of  tiiese  products  is  a  necessary  condition  of  tue 
appearance  -of  a  Chain  reaction.  They  appear  under  the  influence  of 
various  actions,  including  as  a  result  of  thermal  dissociation  of 
gases,  but  at  temperatures  below  1000°K  their  energy  and  concentration 
are  usually  inadequate  for  the  chains  reaction  to  acquire  a  noticeable 
rate.  Because  of  thermal  dissociation  the  nucleation  of  radicals 
plays  a  noticeable  role  at  rather  high  temperatures1,  characteristic 
for  the  central  part  of  the  combustion  chamber. 

The  process  of  nucleation  of  active  particles  as  a  result  of 
chemical  interaction  is  most  often  realized  when  one  of  the-  interacting 
molecules  is  a  molecule  Containing  multiple  bonds,  as,  for  instance, 
a  molecule  of  oxygen,  olefin,  aide  .yde,  etc. 

The  Initiating  action  of  surfaces  plays  a  large  role  in-  the 
kinetics  of  chain  reactions.  The  radicals,  being  mqcleated  on  the 
surface,  can  move  into  the  basic  volume.  The  Intensity  of  nucleation 
of  chain  reactions  depends  upon  the  presence  and  properties  of 
catalysts.  Thus,  a  heterogeneous  reaction  on  a  silver  catalyst  in 
a  gas  volume  causes  a  homogeneous  chain  reaction. 

Breaking  of  chains  --  this  is  the  destruction  of  active  particles; 
it  is  caused  by  chemical  processes,  which  proceed  with  the  participa¬ 
tion  of  atoms  and  radicals  and  do  not  lead  to  their  regeneration. 

These  processes  can  proceed  both  in  the  volume  and  on  the  surface. 
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The-  nucleation  of  a  chain  can  occur  because  of  collision  with 
some  .unsaturated  molecule  M;  in  .this  instance  the  nucleation  of  a 
chain  can  be  illustrated  by  reaction: 


Here  an  active  particle  was  formed  —  atomic  hydx’ogen. 

The  breaking  of  the  chain  of  an  active  pai’ticle,  caused,  for 
example,  by  the  disappearance  of  atomic  oxygen: 

9+C0+M  =  C02+Af; 


The  re. 
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This  reaction  characterizes  a  triple  collision  and  the  diappear¬ 
ance  of  atomic  oxygen. 

Let  us  consider  for  example  the  reaction  of  hydrogen  burning. 

The  main  features  of  the  mechanism  of  this  reaction  are  also  peculiar 
to  the  reactions  of  burning  of  other  gases,  therefore  the  reaction 
of  hydrogen  burning  is  taken  as  the  model  reaction. 

In  the  beginning  there  occurs  nucleation  of  chains  with  the 
formation  of  active  particles  -  radical  OH  and  atomic  hydrogen  C 4 3 J : 


Simulta 
breakirj 
of  the  | 


and  to 


Hj+02=20H— 16 ' kcal ; 
H*+M-2H+Af— 104,2  kcal. 


The  continuation  of  the  chain  is  characterized  by  the  appearance  of 
atomic  hydrogen: 


OH+H,-H|0  +  H+13,7  kcal. 


(c) 
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The  reactions,  terminating  with  the  formation  of  active  particles, 
correspond  to  branching  of  the  chain: 


H+Oi=OH-HO--15  kcal; 
0+Hj=OH  +  H-l  kcal. 


Reactions  (c) ,  (,d) ,  (e),  as  a  consequence  of  the  formation  of  active 
particle  -  atomic  hydrogen  -  can  be  represented  in  the  form  of  the 
following  scheme: 


,~+n 

/ - ‘0  -j~  H,N 

H+0<  X-.OH  +  H<  . 

\  •  /— »H->0  xHaO 

•  X-H 


Simultaneously  with  the  generation  of  active  particles  there  occurs 
breaking  of  the  chains  in  the  volume  and  on  the  wall.  To  breaking 
of  the  chain  in  the  volume  corresponds  reaction 


h  the 
gen  [43]: 


H+0a+M=*H02+AI+47  kcal, 


and  to  breaking  of  the  chain  on  the  wall  —  reaction 


Lrance  of 


In  the  kinetics  of  hydrogen  burning  there  participates  one 
additional  active  particle  HOg,  called  a  low-activity  radical. 
Continuation  of  the  chain  with  the  aid  of  this  low-activity  radical 
is  described  by  equations  [43] 


k 


HO*+Hi=HjO+H— 15  kcal, 
“HOj+HiO-HjOa+OH— -29  kcal. 


"out  the  breaking  of  chains  oh  the  wall  proceeds  so: 


1 


hM?: 


'/jHA+’/sO, 

H20+3/402 


(k)  I 


Under  certain  conditions  the  rate  of  some  reactions  is  increased 
according  to  law  exp($£);  after  a  short  interval  of  time  the  rate 
can  turn  out  to  be  so  large  that  the  reaction  acquires  the  character 
of  an  explosion.  In  liquid-propellant  rocket  engines  there  are  known 
low-probability  explosive  reactions. 

One  of  the  peculiarities  of  branched  chain  reactions  is  the 
presence  of  an  induction  period,  which  is  manifested  in  the  fact 
that  during  a  certain  interval  of  time  no  noticeable  increase  of 
pressure  is  revealed.  After  this  time  the  pressure  begins  to 
noticeably  build  up. 

The  speed  of  the  entire  process,  on  the  whole  is  determined  by 
the  speed  of  the  slowest  stage;  during  hydrogen  in  the  process  of 
branching  of  the  chain  the  endothermic  reaction  (d)  is  limiting. 

The  interaction  between  oxygen  and  carbon  monoxide  is  more 
complex  than  the  interaction  between  oxygen  and  hydrogen.  In  this 
instance,  if  the  temperature  is  above  1000°K,  a  slow  reaction  is 
begun  on  the  walls.  The  excitation  of  the  reaction  through  the 
whole’  volume  is  attained  by  the  introduction  of  small  quantities 
of  H20  or  Hg.  Here  the  exciter  of  the  reaction  is ,, apparently , 
atomic  hydrogen,  which  is  formed  because  of  dissociation;  the  active 
particles  include,  as  before,  atomic  oxygen  and  hydroxyl. 
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CHAPTER  II 
COMBUSTION  CHAMBER  EQUATIONS 

In  the  combustion  chamber  there  occurs  a  complex  mass  and  energy 
exchange  between  the  propellant  components  entering  the  chamber,  the 
vaporization  products  and  gaseous  maxture  being  formed  as  a  result  of 
burning. 

Let  us  examine  the  element  of  volume  abode fjh3  shown  in  Pig.  2.1. 
During  the  burning  of  liquid  propellant  this  element  will  be  filled 
partically  with  liquid,  partially  with  gas,  representing  a  mixture 
of  vaporization  products  with  products  of  burning.  The  separate 
drops  of  propellant  components,  having  various  sizes,  moving  in  s;he 
internal  cavity  of  the  chamber,  will  have  axial,  radial  and  tangential 
velocity  components,  the  quantities  of  which  depend  on  the  location 
of  the  considered  element  and  are  changed  with  time.  As  a  result  of 
vaporization  of  drops  or  diffusion  of  liquid  into  gas- the  flow  rate 
of  liquid,  velocity,  density  and  other  parameters  of  gas  in  the 
element  will  be  changed  with  respect  to  coordinates  of  the  element 
and  will  also  depend  on  the  location  of  the  element. 

"The  greatest  quantity  of  liquid  will  be  in  those  elements,  which 
are  closer  to  the  Injection  assembly;  in  the  beginning,  where 
preparation  of  the-  propellant  for  vaporization  is  observed,  the  size 
of  drops  is  practically  unchanged.  Further,  in  the  area  of  intensive 
vaporization,  the  size  of  drops  is  decreased  rapidly.  If  an  element 
is  located  at  a  sufficient  distance  from  the  injection  assembly,  its 
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volume  is  filled  only  by  gas,  the  composition  of  which  can  continuously 
change  as  a  result  of  the  reactions  proceeding  in  gaseous  phase. 


Fig.  2.1.  Diagram  of  the  element 
of  burning  flow  in  the  internal 
cavity  of  the  combustion  chamber. 


Duiin'g  the  study  of  intrachamber  processes  the  calculation 
equations  are  written  for  the  whole  volume  of  the  chamber,  being 
guided  by  averaged  values  of  parameters,  or  for  the  elementary  volume 
examined  above  with  subsequent  integration  with  respect  to  the  whole 
volume  of  the  chamber. 

2.1.  The  Sasic  Equation  of  the  Chamber 

By  using  the  law  of  conservation  of  mass  of  a  burning  flow  and 
considering  the  .ntire  volume  of  the  combustion  chamber  on  the  whole, 
we  write  a  differential  equation  -  the  basic  equation  of  the  combustion 
chamber. 

For  arbitrary  moment  of  time  t  into  the  internal  cavity  of  the 
chamber  proceeded  Y  kg  of  propellant  (Fig.  2.2).  Through  the  nozzle 
throat  from  the  chamber  flowed  I,  kg  of  combustion  products. 
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Consequently,  in  the  chamber  tnere  was  accumulated  ¥  kg  of  liquid 
.propellant.,  not.  yet  heated  to  the  boiling  point-.  ,  t  kg  of  liquid’ 
vaporizing  components  and  ¥  kg <of  vaporization  products.  In  .such  a 
formulation  of  the  problem  the  equation  of  the  law  of  conservation 
of  mass  takes  the  form 


y-^-yWH-y^o.  (2d) 

By  differentiating  expression  (2.1)  with  respect  to  t,  we  obtain 

y-K-K-K-  (2.2) 

Any  total  quantity  ¥  ^ ,  entering  equation  (:2.1),  can  be  determined 

by  mass  flow  rate  per  second  (time)  G.,  since 

% 

K,=$  G,dh  (2.3) 


The  reading  is  taken  from  moment  of  time  x  [48]  of  the  beginning  of 
vaporization  (or  diffusion)  of  propellant,  being  guided  by  some 
average  value  of  the  delay,  i.e.,  time  x  of  heating  of  liquid  to  the 
start  of  boiling  on  the  surface;  in  this  case  the  overall  quantity  of 
propellant,  which  entered  the  chamber  for  the  considered  time,  will 
be 


Y-  j  Gfilt,  (2.4) 

-?io 

where  G^  -  -  the  inflow  of  propellant  per  second  (time)  into 

the  combustion  chamber;  xon  -  delay,  which  corresponds  to  initial 
feed  conditions  of  propellant  into  the  chamber.  During  time  t  -  xgf) 
the  liquid  propellant  is  still  not  converted  into  gaseous  products, 
pressure  in  the  chamber  is  not  changed  and  therefore  v g }  =  const. 
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Pig.  2.2.  Change  of  the  chamber  parameters 
with  time:  T  -  initial  period  of  preparation 
of  propellant;  II  -  starting;  TT.I  -  operating; 
IV  -  period  of  aftereffect. 
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at  t 


If  -w 


By  differentiating  expression  (2.4).,  we  find 


>>=*G«=G,'+Gj. 


(2.5) 


The  quantity  of  propellant.,  which  is  in  the  chamber  in-  liquid 
phase.  In  the  vaporization  .preparation  stage. 


The  e 
chapt 


(2.6) 


initi, 


By  differentiating,  expression  (2.6),  we  fin& 

y^=ffi~(Gt)-v<l-T,).  (2.7) 


or 


i 
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leters 
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’■2.5) 

Jid 

(2.6) 

(2.7) 


Here  subscript  (-x  )  shows  that  the  inflow  of  propellant  £»-  corresponds  f 
to  time  t  -  X-  ,  so  that  designation  (G~)  is  equivalent  to  entry 

o  -  L  — T 

The  total  quantity  of  propellant,  accumulated  in  the  chamber 
at  the  beginning  of  vaporization, 


Yx o-  |  Gidt. 
-v> 


(2.8) 


If  we  are  guided  by'  the  average  value  of  propellant  inflow,  then 


y p*cpTjo* 


(2.9) 


By  equations  (2.5)  and  (2. 7)  we  find 


(2.10) 


The  equations  for  determination  of  xg  were  obtained  in  the  first 
chapter.  There  are  examined  the  methods  of  determination  of 


h,=G«. 


(2.11) 


In  the  simplest  case,  if  we  are  guided  by  one  characteristic 
initial  size  of  drops  rQ ,  then  [67] 


?■«—-  Gt. 


(2.12) 


or 


(2.13) 
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where 


(2.14) 


The  quantity  of  gas  in  the  chamber,  consisting  of  vaporization 
products  and  combustion  products,  is  determined  by  eo.uation  of  state 


(2.15) 


where-  —  free  volume  of  the  chamber,  i.e.,  the  volume  not  occupied 
by  liquid. 

,By  designating  the  constant,  determined  by  geometric  dimensions 
(according  to  a  drawing),  volume  of  the  chamber  through  7kQ,  we  obtain 


k0‘ 


r«-.r» 

o* 


(2.16) 


F 

use  eq 


where 
moment 
By  dif 


If  e 


ji 

1 


Having  taken  the  derivative  with  respect  to  t  and  assuming  the 
density  of  liquid  constant,  we  find 


Ok 

By  using  equalities  (2.7)  and  (2.13),  we  arrive  at  equation 

_  L  [fy£-((7£)_t  (l-T,)-|-xGtJ.  (2.18) 

V* 

Now  let  us  differentiate  equality  (2.15)  with  respect  to  t; 
taking  into  account  that  efficiency  FT  is  a  variable  quantity,. 

K 

depending  on  the  component  ratio,  we  obtain 


Flow  r 


where  I 
n: 


Now  ini 
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(2.15) 
2upied 

is  ions 
i  obtain 

(2.16) 

l  the 

(2.17) 

(2.18) 

ti 


(2.19) 


For  determination  of  the  last  term  in  expression  (2.2)  let  -us 
use  equation 


<+«_ 


(2.20) 


where  e  —  time  from  the  termination  of  propellent  vaporization  to  the 
moment  of  passage  of  gaseous  products  through  the  nozzle  throat. 

By  differentiating  equality  (2.20),  we  find 


(2.21) 


If  e  *  const,  then 


(2.22)  j 


Flow  rate  through  the  nozzle  throat 


r,  -  -  J  „ 

9  P” 


(2.23) 


where  8  —  specific  pressure  pulse;  a  —  function  of  politropic  index 


( 2 . 2  if ) 


Now  Instead  of  equation  (2.21)  we-  have 
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If  e  3  const,  then 


P  r=F  ■  (p*  \ 

*  Mfl.* 


(2.25) 


(2.2 6) 


Thus  derivative  Y  corresponds  to  moment  of  time  t  +  e.,  ±.e., 

Kp 

relative  to  'the  accepted  beginning  of  timing  lags  behind  the  period 
of  "transporting"  of  products  from  the  zone  of  propellant  combustion 
to  the  region  of  the  nozzle  throat. 


to  dete 


and  to 


immedia 


the  cha 
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which  i 


Formulas  for  determination  of  quantity  e  were  given  in  Chapter  I, 
Let  us  compute  its  time  derivative 


<  *  f  rw 

Ftp  dt  }  a  VWK  ' 


(2.27) 


By  substituting  the  obtained  values  of  derivatives,  mass  time 
flow  rates,  in  expression  (2.2),  after  conversions  we  arrive  at  the 
basic  equation  of  the  combustion  chamber: 


where  G 
vaporiz 


designa 
of  the  e 
will  be 


'-P k  •!*  fi(PK) 

•  KD 


(2.28) 


where 


where  t 


(2.29) . 

(2.30) 


express! 

perform!! 
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By  the  results  of  processing  of  experimental  data  it  is  possible 
to  determine  the  law  of  vaporization  of  liquid  propellant  components 
and  to  construct  so-csJled  burnout  curve. 

The  buildup  of  the  quantity  of  vaporization  products  occurs 
immediately  after  the  arrival  of  components  at  the  internal  cavity  of 
the,  chamber.  However,  the  intensity  of  vaporization  is  sharply 
changed  with  time. 

The  formation  of  components  is  characterized  by  an  equation, 
which  in  general  form  is  written  so: 


G0_<=G,(0)?(4 


(2.31) 


where  Cj.(0)  -  time  inflow  of  propellant  into  the  chamber;  <*> (-*')  ~ 
vaporization  characteristic,  determined  from  experiment.. 

For  the  purpose  of  simplification  of  the  entry  we  will  again 
designate  term  G^{t)  through  .  As  a  result  of  the  vaporization 
of  the  entire  mass  of  propellant  the  inflow  of  gaseous  products 
will  be  ■ 


G=j 


(2.32) 


where  tQ  -  the  total  time  of  vaporization. 

Inasmuch  as  the  numerical  values,  obtained  with  integration  of 
expressions  (2.32)  from  t q  to  «  are  small,  this  integration  when 
performing  approximate  calculations  can  be  from,  zero  to  infinity;  thus 


‘  G==  j  G.?(/)<#. 


(2.33) 


Now  instead,  of  equation  ‘(2.28)  we  will  have 


*  AH  -  f\(  P*)  Pk  ~  j~  ^/:  (/>*)  k' i?(/V//~  0. 


(2.3*0 


Let  us  return  to  equations  (2.2,8),  (2.29)  and  (2.30)..  The  first 
term  in  equation  (2.28)  is  caused  by  change  of  pressure  in  the  chamber. 
The  change  of  free  volume  is  considered  by  term 


vk 

e  —  p .. 


With  change  of  pressure  in  the  chamber  the  intensity  of  heating 
of  liquid  components  is  changed;  as  a  consequence  of  this  —  the  rate 
of  warming  and  vaporisation  of  liquid  propellant  is  changed,  the 
absolute  value  of  the  free  volume  of  the  chamber  is  changed.  The 
second  term  of  the  right  side  of  equation  (2.29)  reflects  the  effect 
of  change  of  the  efficiency  of  combustion  products..  The  product  of 
RT  at  prescribed  properties  of  propellant  components  depends  basically 
on  the  component  ratio  and  on  the  combustion  efficiency  of  propellant. 

Let  us  note  that  with  consideration  of  the  peculiarities  of  the 
interconnection  between  the  combustion  chamber  and  the  feed  system 
the  component  ratio,  as  will  be  shown  below,  depends  on  the  pressure 
in  the  chamber. 

The  last  component,  which  enters  equation  (2.29),  carries  a 
correction,  caused  by  the.  time  of  movement  of  combustion  products 
along  the  axis  of  the  chamber. 

Propellant  is  introduced  into  the  chamber  with  delay,  which  in 
equation  (2.28)  together  with  equation  (2.30)  is  considered  by  variable 
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inasmuch  as  t  =  x (p-  ),  and  P„  changes  with  time,  -then  during  the 
study  of  intrachamber  processes.,  as  follows  from-  the  obtained  equations 
derivative  t  is  considered,  i.e.,  the  effect  of. pressure  in  the 
chamber  on  the  amount  of* delay. 

The  last  term  of  equation  (2.30)  characterizes  the  effect  of 
the  rate  of.  change  of  the  propellant  feed  under  conditions  of  gas 
formation. 

During  calculation  of  an  engine  i-t  is  frequently  necessary  to 
solve  problems  in  a  simpler  formulation.  Thus,  for  instance,  if 
propellant  is  fed  to  the  chamber  in  gaseous  state,  then  t  *  0. 

O 

With  change  of  pressure  within  small  limits  or  in  cases  when  low- 
frequency  oscillations  are  not  considered,  it  is  sometimes  possible 
to  consider  t  =  const  and,  consequently,  t  =  0. 

If  =  const  the  vaporization-  rate  is  constant,  then  derivative 
MO. 

In  some  engines  in  steady  state  there  is  provided  a  constant 
value  of  component  ratio.  In  this  case  ~  const  and,  consequently, 

-  »• 

When  conducting  approximate  calculations  we  take  time  of 
transportation  e  =  0;  then  e  *  0  and  the  last  component  in  equation 
(2.29)  becomes  one,  i.e., 


JL 

Pk 


s)=1. 


(2.35) 


During  the  study  of  initial  period  of  'operation  of  an  engine 
it  is  necessary  to  compute  the  quantity  of  propellant,  which  is 
collected  in  the  chamber  before  the  start  of  ignition.  Inasmuch  as 
during  this  period  the  initial  pressure  deer  not  change,  then 


t3Q  3  const.  Before  the  start  dr  ignition  in  the  internal  '■%  ;  ty 
of  the  chamber  there  is  propellant.,  the  quantity  of  which  will  be 
equal  to 

Vx=  J  Gzdt—Y'M,  (2.3 6) 

where  Y  1  —  the  quantity  of  propellant,  which  fell  in  the  nozzle 
w 

throat  region  and  flowed  from  the  chamber  in  liquid  state  during 
time  t  n.  If  ff.  =  const  and  Y  •  *  0,,  then 

8  U  L*  '  m 

Y»=Gt  t*.  (2,37) 

After  ignition  of  propellant  an  increase  of  pressure  in  the 
chamber  is  begun,  in  this  case  almost  all  the  engine  parameters  are 
changed. 

As  a  result  of  the  increase  in  pressure  period  xg  is  decreased 
and  the  process  of  vaporization  is  accelerated.  In  this  case  the 
quantity  of  propellant,  which  is  in  the  combustion  chamber  in  liquid 
state,  is  decreased.  Gaseous  products  are  formed  not  only  as  a 
result  of  vaporization  of  components,  entering  from  the  feed  system, 
but  also  under  the  action  of  additional  feeding,  caused  by  decrease 
of  period  r  .  While  pressure  in  the  chamber  grew  from  p„  to  p  , 
the  delay  was  decreased  from  tsq  to  t  .  As  a  result  of  only  additional 
feeding  in  the  internal  volume  of  the  chamber  gaseous  products  are 
formed  to  the  extent  of 

Y„  -  (2.38) 

V 


with  t 
or  (2. 
additi 
which 


p/'fc) 
tne  ec 


If  we 
solut J 


77 


ty 

be 


(2.36) 


zle 

ing 


(2.37) 

the 

;rs  are 


|3reased 
2  the 
liquid 
|s  a 
system', 
recrease 

|°  P«> 

additional 
k ts  are 
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In  order  to  get  an  idea  of  the  change  of  pressure  in  the  chamber 
with  time,  it  is  necessary  to  solve  an  equation  in  the  Torm  of  (2.28) 
or  (2. 3*0.  For  this,  it  is  necessary  to  assign  G ^  -  G^.(t)-ov 
additionally  draw  on  equations  of  the  feed  sy.'tem,  derivation  of 
which  will  be  given  below. 

Let  us  examine  the  approximate  method  of  construction  of  graph 
p^Cfc)  during  engine  starting.  Without  taking  into  account  the  delay, 
the  equation  of  the*  chamber  is  written  so: 


(2.39) 


X»> 


If  we  consider  a  rather  general  case*  when  e(t)  and  G^(t) ,  then  the 
solution  of  linear  differential  equation  (2.39)  takes  the  form 


■*[$£!*  (2-,0) 


where  C  -  integration  constant;  PHOi-l  ~  nominal  pressure  in  the  chamber.  | 


Assuming  that  the  flow  rate  of  propellant  is  changed  in  terms 
of  the  exponent,  then 


’ ! 


,„=C,»p [- ^J+ exp[-  $  ^j]  ftiX 


If  we  additionally  assume  e  =  const,  then 


(2. Hi)  I 
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Pk~C  <*p(—f )"+  cxpf' — |-J^2[eexp  U-^j  ■ 
o,p(f)exp(-^) 


(2.42) 


or 


/>K=Cexp( — ~ )  -f  pHaJI 


CXp(~~o) 

!  —  — - 
u 


(2.43) 


For  detex'mination  of  integration  constant  let  us  assume  that  when 
t  -  0  the  initial  pressure  =  0.  By  equation  (2.43)  we  find 
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Having  substituted  the  obtained  value  of  integration  constant  in 
expression  (2.43),  after  conversions  we  will  have 


fczr  «"■  (~r)+ 1  ■(•)]•  ,  (*,w> 


*  * 


To  constant  flow  rate  corresponds  a  =  0  .•  In  this  case  from  expression 
(2.45)  we  find  •'  i  ,  ’ 


/>k=^hom[1-QSp(-  .  ■' 


(2.46) 
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Let  us:  examine  one  more  approximate  solution,  which  is  sometimes 
used.  Let  ,us  assume  that  propellant  flow  rate 


I 


1 . 42) 


G=A  Vpi-Pv 


(2.47) 


>.43) 


•where  A  -constant,  obtained  by  calculation  or  from  processing 
experimental  data;  -  characteristic  pressure,  as  which  it  is 
possible  to  take' "the  pressure  before  the  injectors  or  after  the  pump, 
or  pressure  in -.the-  tank. 

Generally  ,p^  =  fit)  and  therefore  it  is.  better  to  calculate 
with  respcoc  to  intervals  of  time.  Having  taken  p^  *  const,  T ^  = 

'=  const  for  each  interval  and  having  assumed  t  =  0,  we  arrive  at 
the  equation  of  the  chamber  In  the  form- 


;n 


5.44) 


w;  p*+vmp‘~AV  ( 2  ;48) 


After  separation:  of  variables  for  interval  of  time  At  we  find 
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where  pk2  -  p^  is  the  change  of  pressure  in  interval  of  time  At. 


If  we  assume 


Pi — Px-X, 


then  expression  (2.49)  is  reduced  to  a  tabular  integral. 


(2.49)  ! 


(2.50)  \ 
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If  the  propellant  flow  rate  changes  according  to  a  more  complex 
law  than  was  accepted,,  one  should- use  equation.  (2-40 

During,  calculation  of  steady  state  in  the  equation  of  the 
combustion  chamber  all  derivatives  equal  zero.  Furthermore,,  it  is 
:no  longer  necessary  to  consider  the  delay;  the  calculation  equation, 
called  -the  equation  of  statics  of  ;the  combustion  chamber,  assumes 
the  form 


•  A-.-tor=o.  (2.51) 

F«f  ■ 

This  equation  is  well  known.  It  is  used  for  determination  of  the 
nozzle  throat  area,  if  the  pressure  in  the  chamber  is  selected,  the 
specific  pressure  pulse  is  calculated  and  the  flow  rate  of  propellant 
is  determined  according  to  prescribed  thrust.  Equation  (2.51)  is 
used  during  analysis  of  the  interconnection  of  small  deviations  of 
combustion  chamber  parameters.  The  expression  of  total  differential 
from  equation  (2.51)  will  be  written  so: 


0 3 


dp* 
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</G«. 


(2.52). 


By  changing  to  small  finite  deviations,  i.e.,  by  replacing  infinitely 
small  deviations  dp  ,  dS,  . ... ,  by  small  finite1  deviations  A p  ,  A3, 

. . . ,  we  obtain 


A  Pi 
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OF, 
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(2.53) 


Small  deviations-  are  computed  from  nominal  (or  calculated) 
value  of  parameters,  therefore  partial  derivatives,  standing  before 
them  in  the  form  of  factors,  are  constants.  Symbol  8 p  /86  <-s 
conveniently  supplemented  by  the  condition-,  which  is  written  so: 
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The  above  means  that  derivative  pH  with  respect  to  3  should  be 
calculated  in  the  region  of  nominal  or  calculated  values  of  parameters 
pk  hom*  Von*  efcC'  The  C0-’r‘Plex  multiline  subscript  for  the  sign  of 
partial  derivative  is  replaced  for  the  sake  of  simplicity  of  writing, 
by  the  mark  „. 
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For  further  simplification  of  writing  we  will  designate  the 
numerical  values  of  partial  derivative  through, a..  For  the  considered 
case  the  calculation  equation  will  be  written  so: 


Lpx  ~<ZjA8 


(.2.5*) 


moreover 
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(2.55) 
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of  pressure  in  the 

chamber  and  the  flow 

rate  of  propellant  from  their  nominal  values  under  conditions  of  low- 
frequency  oscillations  are  small,  during  research  of  stability 
equations  (2.28)  and  (2.3^)  are  sometimes  written  in  linearized  form. 
Let  us  examine  equation  (2.28),  having  accepted  /.  (p  )  =  /0(p  )  =  1; 
the  new  initial  equation  is  written  so: 


--■M* 
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Let  us  designate 


&P*  PK  ■  pK.H0H; 


(2.59) 

(2.60) 


Consequently, 


A/\c=/v  (2.61) 

Inasmuch  as  G-  =■  const,  then  (Gj,  )'  »  G..  .  Now  under  the 

^HOM  iHQH  -,t  “  H  OM 

8 

condition  that  e  =  const  and  Q  -  const  and  that  they  are  calculated 

at  nominal  values  of  p  •  and  G~  ,  we  obtain 

K*H0M  Ehom 

( 

sb'pK+bpK~  A(Gi)_.  =0.  (2.62). 

*  Kp 


Sometimes'  it  is  convenient  to  calculate  in  relative  quantities 
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Show 


(2.63) 

(2.64) 


The  equation  of  the  chamber  is  written  in  the  following  manner: 

*A/Vfilv~A((/s)-t,=0.  (2.65) 

In  such  form  the  equation  is  used  during  the  study  of  questions  of 
combustion  chamber  stability. 
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2.2.  The  Equation  of.  Continuity  for  a  Two-Phase 
Burning/ Flow 


For  derivation  of  an  equation  let  us  use  the  law  of  conservation 
of  mass. 

Considering  the  contemporary  shapes  of  chambers,,  it  is  convenient 
to  write  the  equation  in  a  cylindrical  coordinate  system. 

The  area  of  element  abed  (see  Fig.  2.1)  is  equal  to 

dFx=drrdy. 

The  cross  section, -which  coincides  with  area  abed,  is  intersected 
by  the  burning  flow,  consisting  of  gases  and  liquid  particles, 
moreover  a  certain  total  area 


Fx^Fmx+Frx, 


(2,66) 


where  Fmx  -  the  area  intersected  by  the  flow  of  liquid;  Ft,  —  the 
area  intersected  by  the  flow  of  gas.  By  differentiating  expression 
(2.66),  for  the  element  we  find 

dFx**dFmx-\-dFtx-  > 


The  relative  area,  occupied  by  liquid 


c  - ar ** 

*  dF, 


(2.67) 


Consequently,  the  area,  occupied  by  liquid  in- section  abed,  and  the 
area,  intersected  by  gas  in  the  same  section,  will  be  respectively 


dFv.^Sxdr-rdif,  dFrx=--(\-Sx)dr-rdy.  (2.68) 

With  the  absence  of  liquid  S  -  0;  if  the  entire  area  of  the 

X 

section  is  intersected  only  by  the  flow  of  liquid,  -then  Sx  =  1. 

During  the  examination  of  the  real  process,  in  which  there  occurs 
motion  of  the  burning  flow,  containing  drops  of  finite  size,  ohe  should 
be  guided  by  the  finite  area  of  an  element,  equal  to  isr-Wp.  However, 
the  transition  to  calculation  in  terms  of  elementary  areas  provides 
increase  of  accuracy  of  calculation  and,  naturally,  does  not  introduce 
errors;  by  designating  the  integration  limits  of  equations,  it  is  * 
necessary  to  consider' the  sizes>  of  particles  of  burning  flow. 

The  time  (per  second)  mass  flow  rate  of  gas  through  the  area  of 
the  element  will  be  determined  by  equation  of  continuity.: 

dihx^QWxdFr  x=QWx(\~-Sx)dr- rd<f.  (2.69) 

‘On  the  element  of  path  dx  the  change  of  flow  rate  of  gas,  moving 
through  the  element  in  the  direction  of  axis  x,  will  be 

drill  -  dmxJrix  (dm,)  dx  -  _ 

(.1  ~  Sx)  dr  ■  rd<?\  dx.  (2.70) 

Quantity  rfr-rd< p  is  not  a  function  of  x.  Area  S^dr-rdy,  occupied  by 
liquid,  as  a  result  of  vaporization  of  liquid  is  decreased  in  the 
direction  of  axis  x,  consequently,  S  is  a  variable  quantity,  and 
therefore  equation  (2.70)  can  be  rewritten  so: 

dmx~dmx +,,3  [d-J  fe'*' J  ~  ~  (or,5,)J  dx  •  dr  •  rdf.  (2.71) 
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The  first  term  of  the  right  side  of  equation  (2.71)  characterizes 
the  change  of  mass  flow  rate  of  gas,  which  flows  through  the  element, 
the  cross  sections  of  which  are  not  constrained  by  the  presence  of 
liquid.  The  second  -  decrease  of  the  considered  difference  of  mass 
flow  rate  of  gas,  caused  by  constraint  of  the  flow  passage  cross- 
sectional  area  of  the  element;  because  of  the  vaporization  of  liquid 
components  the  constraint  of  flows  by  liquid  is  unequal  along  the 
length  of  the  element.-  In  section  abed  it  is  determined  by 
quantity  dFmt  [see  formula  (2.67)],  and  in  section  efjh  -  by  quantity 

mj)  =  =^-  d.r)  dr-rd*.  (2.72) 

In  the  zone  of  preparation  of  propellant  for  burning,  where  there 
is  3 till  no  vaporization  of  components ,  S  *  const  and  instead  of 
the  second  item  in  the  right  side  of  (2.72)  we  will  have 

dmxUx~S,  ^(qWx)dxdr.rd<r.  (2 . 73) 

If  we  examine  the  motion  of  gas  only  in  the  direction  of  the  axis 
of  the  chamber,  i.e.,  along  axis  x*  then  the  problem  is  called 
one-dimensional. 

The  radial  component  of  velocity  W appears  under  the  action 
of  geometric  factors,  and  also  radial  components  of  the  velocity  of 
liquid  at  the  injector  exit,  as  a  result  of  collisions  between 
drops,  because  of  flow  turbulence  and  the  presence  of  countercurrents. 

The  elementary  mass  flow  rate  of  gas  through  side  aehd  will  be 
equal  to 


dihr-QWrV—SJdx-rd't. 


(2.7'0 


On  the  element  of  path  dr  the  change  of  flow  rate  of  gas, 
moving  in  the  direction  of  axis  r,  will  be 


dmr-dme+dr~  [-i-  ±(^tr)-±  ±(0r^,r)]  dxdr.rd*. 


(2.75) 
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The  tangential  component  of  velocity  Is  caused  basically  by 
the  vortex  motion  of  propellant  components  at  the  Injector  exit. 

On  the  element  of  path  vd$  the  change  of  flow  rate  of  gas, 
moving  in  direction  will  be  equal  to 


—  ■—  (oU/  dxdr  •  rdv.  (2.76) 


Let  us  note  that  product 


dxdr-rdy**dVt 


(2.77) 


i.e.,  equal  to  the  volume- of  the  examined,  element. 


The  total  change  of  flow  rate  of  gas  in  the  element  will  comprise 


'!£fc»',s,>+J-  ±(«r^)+i- 

« [dl v  (qW)  -  dlv  feiFS)]  dV.  * 


(2.78) 


In  the  considerations  given  above  we  did  not  consider  the  feed  of 
gas  to  the  element  as  a  result  of  vaporization  (or  diffusion)  of 
liquid. 


Let  us  examine  the  relationship,  which  characterize  the  transition 
of  liquid  phase  into  gaseous  inside  the  element., 


The  propellant,  flow  through  a  ring  with  width  dr,  chosen  mentally 
inside  the  chamber,  located  perpendicular  to  axis  x,  will  be 


dGx~.  —  Gxdr, 
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(2.79) 
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where  Gx  -  mass  flow  rate  per  second  through  the  section,  which 
coincides  with  side  abed. 

If  on  the  considered  ring  with  angle  d$  we  separate  the 
elementary  sector,  then  the  flow  rate  through  this  elementary  sector 
will  be 


(2.80). 


The  feed  of  gaseous  products  on  path  dx  will  comprise 


dxdr-rd* 


(2.81) 


Ibmprise 


Let  us  note  that  as  a  result  of  the  uneven  distribution  of 
prppellant  along  the  cross  section  of  the  chamber »  the  change  of 
ci'oss-sectional  area  of  the  chamber  along  the  length  and  burnout 
of  liquid  components  the  flow  rate  depends  on  coordinates  r  and 
<j>,  i  .e. ,  G  (r,  . 

*  f  i 

If  we  similarly  examine  the  flows,  directed  along  other  axes, 


'2.78) 


feed  of 


transition 


mentally 


(2.79) 


(2.82) 


(2.83) 


In  formulas  (2.81),  (2.82)  and  (2.83)  some  derivatives  determine 
the  elementary  flow  rate,  and  others  characterize  the  vaporization 
of  liquid  propellant.  Derivatives  with  respect  to  x  in  expression 
(2.81)  characterize  vaporization,  and  derivatives  with  respect  to 
r  and  <J>  -  elementary  flow  rate.  In  equations  (2.82)  and  (2.83) 
vaporization  is  characterized  by  derivative  for  r  and  derivative 
for  b  respectively. 

The  vaporization  process  of  liquid,  which  is  in  the  element, 
can  be  local,  i.e.,  Droceed  with  time.  The  volume  of  liquid  in  the 
element 


88 


4 


« 


4v-%dV,  (2.3*0 

where  x  -  relative  volume  of  liquid. 


The'  local  change  cf  liquid  mass  in  the  element 

■Jt  (Q«y.)  dV.  (2.85) 

The  total  feed  of  gas  in  the  element ,  caused  by  propellant 
evaporation,  will  be 


#0. y _ ,  J_  rcT-G.  . 

dr -rdf  r  dr  )x-rdf  ^ 


4--L  jL 

r  d<?  ax  dr 


(2.86) 


By  using  the  derived  relationships,,  let  us  write  the  equation 
of  burnout  curve,  which  is  the  ratio  of  formed  gaseous  products  to 
the  initial  quantity  of  liquid  propellant.  Being  guided  by  the 
flow  rate  per  second  in  a  one-dimensional  formulation,  let  us  write 
the  Clow  rate  per  second  of  liquid,  passing  along  the  whole  section: 
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(2. 87) 


where  r  -  the  radius  of  the  chamber.  The  quantity  of  gaseous  products 
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formed  on  path.  x,  will  be  equal  to 
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Thus,  the  one-dimensional  equation  of  the  burnout  curve  takes  the 


form 
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If  we  take  into  account  the  local  change  ,of  mass  of  lio.uid  and 
its  burnout  in  all  directions,  then  ' 
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Equation  (2.90)  characterizes  the  burnout  of  mass.  Sometimes  it 
proves  to  be  convenient  to  write  the /equation  of  burnout  curve,  while 
considering  the  relative  energy ,  which  is  released  during,  combustion , 
in  this  case  we  are  guided  by  the  equation  of  law  of  conservation  of 
energy  of  the  burning  propellant..  During  experimental  construction 

•  l 

of  the  burnout  curve  as  the  initial  parameter  we  frequently  take  the 

pressure  in  the  chamber.  In  order  to  obtain  the  burnout  curve,,  int.o 

; 

tha  operating  combustion  chamber  there  is  fed  a  portion  of  proppllant 
in  steDS.  In  the  beginning  this  portion  is  preheated  and  is  vaporized/ 

i ' 

which  leads  to  some  lowering  of  pressure.  At  the  moment  of  combustion 
of  the  injected  portion  of  propellant ' the  pressure  in  the  chamber 

i 

increases,  and  then  it  lowered  to  the  previous  value. 

i  1 

’ 

Let  us  find  the  expressions  for  determination  of  the. relativp 
volume  of  liquid  in  the  element.  By  the  equation  of  continuity  . 
we  determine  the  value  of  relative  arfea,  occupied  by  liquid  in  the 
direction  of  axis  x:  •  , 

/  1  *  ’  ’ 

•where  C  -  the  orojecticn  of  the  velocity  of  motion  of  liquid 
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For  simplicity  of  writing  we  will  subsequently 
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The  expressions,  analogous  to  equalities,.  (2.-91)  and  (2.92)  j  are  easy 
to  write. for  other  directions.  .• 

.  !  1  ,  ‘I 

I  1  1  I  *  : 

I  .  • 

If  in  the  direction  of  each  pf  the  axes  the  values 'of  relative 
areas  are'  not  changed,  then  for  determination  of  the  relative  volume 
of  liquid  find  /  1 


For  the 


*•  /«£,  lL 

.  ’  . \CX  Cr^l 


(2.93) 


(2.94) 
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With  change  of  relative  area,  its  average  value  in  the  direction  of 

axis  x  fori  any  selected  volume  will  comprise  , 


t  '  S„;^S^.rdo-±^dj±dXdr.rd*. . 


(2.95) 
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1  Let  us  continue  the  derivation  of  equation  of  continuity.  Let 

i  , 

us-  write  an  expression  for  determinatibn  of  the  change  of  quantity  of  ‘ 

i  \  •  1 

gas  in  the  element  with  time.,  According  to  the  law  of  conservation 
1  of  mass  the  time  change  of  density  and  relative  volume  per  unit  .’of  time 
wiJLl  be  1  ,  ’  ; 
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By  using  expressions  (2.78,)  ,  ( S«.  86  )•  and  (2.97l)>  we  (arrive  at  the1 
the  equation  of  continuity  for  the  element:  :  '  j 


'(q(1  — x)|+div(pU^)— div  (qWS)—Q~0. 


(2.-98) 
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For  the  whole  volume  of  the  chamber  we  have 

l  di v  (yl*7) -div (CATS)  - fij  W = 0. 


(2.99> 


Equations  of  type?  (2.98)  and  (2.99)  are  convenient  to  use  during 
calculation  of  pas-liquid  versions  of  combustion  chambers.,  when  one 
of  the  .components  is  fed  in  gaseous,  and  the  other  -  in  liquid  form. 

Thus ,  the  change  of  density  and  volume  of  gas  in  the  element  per- 
unit  of  time  plus  the  change  of  mass  of  gas,  which  flows  through  the 
element,  are  equal,  to  the  mass  Pf  gases,  which  are  formed  during  the 
same  time  as  a  result,  of  vaporization  of  liquid  propellant,,  which  is 
in  the'  element. 


if 


’I 


If  it  is  necessary  to  take  into  account  the  specific  character 
of  bipropellant ,  then  for  each- component  3 x„-  and  must  be  known. 

*  U  l*  Is 

iln  this  case  equation  (2.98)  takes  the  form 


dt 


[q(  1  -  X. — Xj)1 + div  (9wy-  div  [qW  (S, + s2)\  -  S,  -  SJ2 =0. 


(  2 .100 ) 


A  oeculiarity  of  equations  of  the  law  of  conservation  of  mass  - 

for  a  burning  -flow  is  the  presence  of  functions,  which  characterize  j 

and.  reflect  the  constraint  of  gas  flow  by  liquid,  and  functions,  | 

which  'determine  the  feed  of  gas  due  to  vaporization  of  components.  1 

•  '* 

Let  us  examine  two  extreme  cases.  ; 

? 

| 

Let  us  assume  that  in  the  area  adjacent  to  the  injector  4 

j 

assembly,  the  vaporization  of  liquid  can  be  disregarded.  If  there  only  , 
the  preparation  of  propellant  for  vaporization  occurs,  then' the  relative  | 
volume  of  liquid  phase  x  Is  constant.  Inasmuch  as  there  is  no  J 

vaporization  (or  diffusion),  then  S  *  const.  Inasmuch  as,  finally,  i 

there  is  no  mass  transfer  between  liquid  and  gas,  then  Q  =  0. 
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After  the  termination  cl*  burning,  in  the  area  where  liquid 
>phase  is  absent  x  ■=  0,  S  =  o  and  Q  =  0. 

Thus,  the  equation  of  continuity  assumes  the  form 

|-0+div(<W)=0;  (2.101) 


2 . 3.  Equations,  of -Motion  of  Burning  Flow 

Let  us  examine  the  previous  element  of  burning  flow  and  the 
conditions  of  motion  of  gaseous  and  liquid  component.  The  mass  of 
gaseous  phase  in  the  element 


mr—$Q(l~~X)dV .  (2.102) 

For  .'this  mass-  the  law  of  change  of  the  quantity  of  motion  in 
the  projection  to  axis  x  will  give 

p.r^~\Q0~xW^V.  (2.103) 

v 

Equation  (2.103)  considers  the  change  of  mass  o(l— %)■  and  the 
change  of  velocity  .7  .  Integration  is  performed  depending  on  the 
formulation  of  the  problem  either  v/ithin  the  element,  or  within  the 
selected  volume  of  the  chamber.  For  the  entire  chamber  the  integral 
in  expression  (2.103)  will  be  written  so: 
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The  forces,  which  move  the  gas  flow,  are  made  up  of  mass 
(volumetric)  and  surface.  The  mass  forces  appear  as  a  result  of  the 
action  of  external  forces.  If  a  rocket  is  in  flight,  then  for 
determination  of  the  projection  of  mass  force  to  axis  x  v;e  will  have 


/  F*~Uv-y.)Ux+gi)dV, 


(2.104) 


where  g  -  acceleration  of  gravity;  j  -  acceleration  of  rocket  flight; 
gxi  ix  -  their  projections/  to  axis  x. 


As  a  result  of  the/ occurrence  of  the  process,  of  gas  formation 
and  expansion  of  the  products  of  burning  there  appears  surface 
force,  the  projection  of  which  to  axis  x  will  be 


The  projection  of  friction  forces  to  the  same  axis  will  be 
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where  v  -  the'  coefficient  of  kinematic  viscosity; 


(2.105) 


(2.106) 
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Item  —  —  dlvW7  considers  the  compressibility  of  liquid,  moreover 
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As  a  result  of  interaction  between  the  drops  of  liquid  and  gas 
aerodynamic  force  appears.  Its  projection  to  axis  x  in  the  examina¬ 
tion  of  one  drop  will  be  equal  to 

f\,=~Q^=  uOK'r-Cj)2.  (2.108) 

Coefficient  a  is  determined  by  conditions  of  motion,  it  depends 
basically  on  the  form  of  the  drop,  velocities.  W  and  C  ,  parameters 
of  propellant  components  and  gas ;  for  prescribed  burning  conditions 
it  is  considered  depending  on  the  Reynolds  number; 

The  area  of  the  profile  (frontal  section)  of  a  flying,  drop 

o  (2. 109) 

where  r  -  -  the  value  of  the  radius  of  the  maximum  cross  section  of 

M  X 

a  drop.  If  in  the  element  there  are  «■  identical  drops,  then 

(2'«  HO  ) 

If  there  are  n  drops  of  various,  size,  then 

n 

/«--=—  \  Vx'tixW[W,-CAn)?d«.  (2 . Ill) 

o 

Function  a  (n)  should  consider  the  distribution  of  dimensions  a  in 

X  X 

the  element. 

If  we  consider  direction  x,  then  the  balance  of  projections  of 
forces  will  be  written  so: 

P,«F*-Ppi-i  t*-U  (2.112) 

By  substituting  the  obtained  expressions  in  equation  (2.112),  we 
arrive  at  the  integral  expression  for  volume  7,  which  characterizes 
the  motion  of  burning  flow  in  the  direction  of  axis  x: 
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It  is  simple  to  write  the  equation  in  differential  form.  Let 
us  note  that 


-[e(i-Z)r,]=C(!-Z)  wx-wx% . 


(2.114) 


Formally  in  the  right  side  of  equation  (2.114)  there  should  be  one 
additional-  item 


However,  with  integration  we  obtain 


•5  a  ~*)wx£(QdV), 


which,  becomes  zero,  inasmuch  as  according. to  the  law  of  conservation 
of  elementary  mass  [47] 

±m=£.twv)=*. 

The  addend  of  the  right  side  of  equation  (2.114)  characterizes 
the  force,  equal  to  the  product  of  the  current  value  of  mass  of  gas 
in  element  c(l—x)  by  the  component  of  derived  velocity  in  time.  The 
augend  characterizes  the  force,  caused  by  the  change  of  mass  of  gas 
in  the  element.  In  a  cylindrical  system  of  coordinates 


*_SL+p*^+anr,  +«■  «.»5> 
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Thus,  the  equations  of  motion  in  cylindrical  coordinates  take 


the  form 


Let  Us  re 


IT4  17  dr  dr  r  l-x* 

£  <»**+**',)- 

-t 


(2.116) 


where  in/dK  -  the  density  of  distribution  of  drops  along  the  volume. 


In  projections  to  other  axes  we  will  have 


‘E'JL.Wj.W  -L  --  — f _ L\y/a_  wr  v— (/  |  Fv 

<W  +  c>*  '  ‘  dr  '  ’  5?  r  r  ■  1-x  X  (/r  +  ^ 


— L  I^r.  *L  -j. v  (  ±.  ±  div  W+  V2uO  - 
#  1-1  ^  U  if  7 

— Ljifil./r.-C,)2  — ; 

2  1  —  •/  v  '  ,r  dV 


Mr  -i-^ur  _ Ll.;. 

<)jc  *  dr  r  df.  r  ‘  r  r  T  (1  —  x)  X 

-^•*•>-7  £r  &+’(r 


(2.117) 


In  oi 
Drojectipi 
velocitiei 
should  be1 
enter  witi 
(2.118),  i 
consider 


-i-2-(W7-c7)2~. 

2  1  —  X  '  ?  dV 


(2.118) 


If  the  area  of  preparation  of  propellant  for  vaporization  is 
considered,  then  in  the  equations  of  motion  we  take  S.  and  x  as 
constants.  In  the  third  zone,  where  there  are  no  liquid  particles  as 
yet,  i.e.,  S.  *  0  and  x  =  0>  equations  for  gas  will  take  a  well-known 
form : 

^r-l/j  +  ZT*)  -  ~  ~  +  £j  £  div  w+vwx) ; 

f+'d  £<«»* + w,) 

--J- ^+v(|  ;i.»v  W+,V,). 


(2.119) 

(2.120) 
(2.121) 


The  g 
terms,  whi 
thermal  pi 
tion  of  m« 
phase.  L< 
friction , 
become  he; 
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y*6r- 


take 


(2.116) 


volume , 


(2.117) 


(2.118) 


Lon  is 
k  as 

tides  as 
bell-known 


(2.119) 

(2.120) 
(2.121) 


Let  us  recall  that  in  the  cylindrical  coordinate  system: 


x  dxi  dr*-  r  r 


dr  r*  dfJ 


VWr-. 


dtWr 


dxi 


**r+± 


dn 


dr 


Vr,  1 

'7T  +  7I 


mw. 


v  f  dxi  i  dri  +  r  dr 


W. 


a?1 
i  *rf 


2  ar. 
a?  : 


-2  + - 

n  1  ri  6f * 


ri 

_T  dWr 
n  df 


In  order  to  write  the  equations  for  liquid  phase,  instead  of 
oroJections>  it  is  necessary  to  take  the  projections  c\  of 
velocities  of  liquid  particles.  Quantities  (1  -  S. )  and  (1  -  x) 

'  Is 

should  be  replaced  by  S.  and  x  respectively.  Ballistic  forces  will 
enter  with  opposite  sign  in  comparison  with  (2.116),  (2.117)  and 
(2.118),  and  friction  forces,  acting  in  liquid  particles,  are  not 
considered.  Thus,  we  obtain  equations. 


dn 


6,-  cfv.  =  </,+ f‘i +T  ’■fW--™  7*  ■ 

(2. 

±  i  *t+i  ‘f  <r,-c,»> 


dn 
dV  ’ 


(2.122) 

(2.123) 

(2.124) 


2.4.  The  Equation  of  Law  of  Conservation 
of  Mechanical  Energy 


The  general  equation  of  the  law  of  conservation  of  energy  contains 
terms,  which  characterize  both  mechanical  energy  and  the  energy  of 
thermal  processes.  Let  us  examine  the  equation  of  the  law  of  conserva¬ 
tion  of  mechanical  energy  for  a  gas  flow,  not  containing  liquid 
phase.  Let  us  exclude  from  the  examination  the  forces  of  viscous 
friction,  since  with;  their  presence  part  of  the  mechanical  energy  will 
become  heat  -  a  phenomenon  called  dissipation  of  mechanical  energy,. 


98 


I 


As  initial  equations,  apparently ,’ we  should  take 


#,-(/,+ SrV-4-?- 

Q  OJC 


wr=U,+gf)— 

C  dr 
0  rd? 


(2.125) 


By  multiply.ing/the  rif£it  and  left  sides  of  the  equations  by  the 
appropriate  velocity  components,  we  obtain 


Q  <7Jt 

C  Or 

%  wv 

Q  ''Of' 


(2.126) 


After  term-by-term  summation  we  find 


=2  (/,+/,)  »V 

1  (dp  iw  i  M.IB'  _l2£. 

8  W  '  dr  1  df  r  )  * 


(2.127) 


It  is  easy  to  check  that 


iM* + = -i- 


(2.128) 


By  using  the  rules  of  differentiation  of  derivative,  we  find 


£*.+%*,+%  VT=-k^w^T  £<'“w 

j--L(£^)_pfcj.  ^4.Eij.EvV 

'  df  r  ^\dx  dr  '  rdf  r  ) 

=  d!v  (pW)—  p6\v  W . 


(2.129) 


takes  the 


Somet 
form.  In 


Therefore , 


instead  o 


Consequen 
the  change 


If  pressu 
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f 


'(•2.125) 


by  the 


(2.126) 


(2.127) 


(2.128) 


Thus,  the  equation  of  law  of  conservation  of  mechanical  energy 
takes  the  following  from: 


~  ~T W1)  =£(A+tf<) Wi -  —[dlv(/»r)-pdiv W\ .  (2.130) 

4  at  e 

Sometimes  it  is  convenient  to  have  equation  (2.130)  in  another 
form.  Inasmuch  as 

p^tp.+?£.W  +dJLW  +^*1,  (2.131) 

y  dt  dx  *  dr  r  d?  t  ■ 

then 

*Lw  (2.132) 

dx  x  dr  '  df  r  dt 

Therefore , 

T  £(*”>  -S  (/.+*<>•’.--  7  (f-f)  •  (2.133) 

If  we  do  not  consider  the  action  of  external  mass  force,  then 

instead  of  expression  (2.133)  we  will  have 


(2a31° 

Consequently,  the  change  of  kinetic  energy  of  flow  is  equivalent  to 
the  change  of  convective  terms 


&-WVI |-£vr>+£ 


d* 


dr 


1 

t 

"« 

s 


i 


J 


* 

£ 

j 

? 

* 


1 


; 


find 


(2.129) 


If  pressure  does  not  change  with  time,  then  dpjdt— 0. 

If  we  consider  the  problem  in  one-dimensional  formulation,  then 


u+g)dx-^. 


(2.135) 


* 
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i 


i 


By  integrating,  we  find 


YfZ  r* 


(2.136) 


For  an  incompressible  medium  we  will  have 


(2.137) 


The  relationship  between  the  velocity  and  pressure  for 
a  compressible  medium  will  be  obtained  below  [see  equation  (2.182)]. 


Let  us  return  to  equation  (2.130).  After  multiplicjation  by 
ddV  and  integration  we  find 


Tt  \  dv  ~  [  Q  !•  <//  -f  t'i)  W,dV  ~ 

V  V 

^  J  &v(pW)(lV-Y^pd\vWdV. 


According  to  Gauss  formula  [50]: 


pW„dF, 


(2.138) 


(2.139) 


change  o 
terms  of 
forces  or 
integrals 
imcomprer 
sign,  but 
last  inte 


where  F  -  the  surface,  limiting  volume  V;  Wn.  -  normal  velocity 
component . 

Thus,  integral  (2.139)  characterizes  the  work  of  pressure  forces, 
applied  to  surface  F ,  pertaining  to  a  unit  of  time.  The  last'  integral 
(2.138)  characterizes  the  work  of  pressure  forces,  pertaining  to 
a  unit  of  time  and  spent  on  the  change  of  volume  V. 

The  equation  of  law  of  conservation  of  mechanical  energy  of  a 
flow,  containing  liquid  particles,  will  be  written  in  the  following 
form: 


in  a  unit 
gas  ,  t  o  c! 
nertainini 


The  (I 
is  equal  tl 


where  Q„  - 

U 

burning;  Q 
conduct  L  vi 
exchange ; 
of  dissipa 
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I 


(2.136) 


(2.137) 


,-182)  ] , 


(2.138) 


J-  \.c»xCW 


2  dt  i 
v 


2  dt.y 
v 


“IcO  -  X)2  (A + £<)  WidV  +  j  CmX  2  (At^/)  ^  - 

- 1  (1  -x)div  (/>r)  rfK-J*  div  + 

J 

-{- 1  ( 1  -  x)  p  div  W  dV 4- 1  IP  df  v  CdV . 


(2.140) 


The  two  terms  of  the  left  side  of  the,  equation  characterize  the 
change  of  kinetic  energy  of  gas  and  liquid' with-  time,.  The  first  two 
terms  of  the  right  side  characterize,  the  action  of  external  mass 

**  f  ■  » 

forces  on  gas  and  on  liquid  respectively.  The  value  of  subsequent 
integrals  was  examined  above.  If  liquid  can  be-  considered 
incompressible,  then  the  density  of  liquid  is  .taker!  as  the  integral 
sign,  but  inasmuch  as  when  Cm  3  const  the  volume  does,  .not  change,  the 

'  i 

last  integral  of  (2.140)  becomes  zero.  •  , 


1(2.139.) 


2.5.  Equation  df  the  Law  of  Conservation  > 
of  Energy  of  a  Burning  Plow 


forces , 
integral 


lowing 


The  total  amount  of  heat,  obtained  by  the  element  of  burning  flow 
in  a  unit  of  time,  is  equal  to  the  change  of  internal  energy  of  i‘ 
gas,  to  change  of  heat  content  of' liquid  and  to  work  of  gas  expansion, 
Dertaining  to  the  same  unit  of  time.  1  > 

The  derivative  from  the  quantity  of  heat,  obtained  by  the  element, 
is  equal  to 


V  lv 


(2.141) 


where  QG  -  the  quantity  of  heat,  which  is  liberated  during  propellant  , 

burning;  Q ^  -  the  quantity  of  heat,  applied  to  the  element  by  thermal 

conductivity,  by  flow  of  radiant  energy  or  due  to  convective  heat  >  > 

exchange;  Qa  -  the  quantity  of  heat,  which  was  liberated  as  a  result 
a 

of  dissipation  of  mechanical  energy. 
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With  combustion  of  a  unit  of  mass  of  propellant  in  the  combustion 
chamber  there  is  liberated, heat;  the  transition  of  liquid' phase:  into 
.gaseous,  as  was  shown  above,  is  characterized  by  function  Q. 

'■  ■  i 

Consequently,  •  ,  *  . 


(2,.  142) 


where  y 

•t 

;>lctioi 
the  frii 
functioi 


:  Tl?e  supply  of  hdat  due  to’  thermal  con.ductivity 


•'  \i(4)+7l!£H  , 


,  (2.143) 


If  it  is  npre  convenient  to  describe  heat  exchange  in  a  spherical 
coordinate  system,  then  ,  .  1  >  ■  ' 


^H[i(4)H4+^(4)+ 

,  4.  -idsi-x^--u — ! - L  (xOL)  I  dv. 

rl  sin  d'}  d?  \  pf 


(2.144) 


With  other  types  of  heat-  exchange  between  gas  and  liquid  equations 

(2.143)  and  (2.144)  should  be  appropriately'  exchanged. 

(  '  , 

i  .  ' 

1  '  i 

i  i 

Dissipation  -  the  process  which  .characterizes  ithe  transition  of 

1  ■  1  A  ' 

mechanical  energy  into  heat.  'In  a  burning  flow  three  types  of  dissipa¬ 
tion  are,  distinguished.  First,  there  is i considered  the  part  of  the 
work,  which  normal  and  tangential  components  ’of  forces  of  friction 
perform  in  a  gas  flow.  Secondly,  supply  of  heat  takes  place  as  a 
result  of  friction,  which  appears,  with  deformation  of  liquid  particles. 

.1  .  i  •  ,  ;  '■  * 

The  third  type  of  dissipation  considers  heat,  which  is  liberated  as 
a  result  of  friction  between  gas  and  liquid  particles. 


‘  should 

.  i 

so  [94:] 


the  fiij 
velociti 


Le 

between 
of  the 
the  ass 


Having  , 
(2.149) 


~l  \  ^(1  “Z)^r+WC^+M6]^. 


(2.145) 


i 


combustion 
:  phase  into 


(2.142) 


<2.143) 

spherical 


(2.144) 


d  equations 


where  u  -  the  friction  coefficient  for  gas.;  u  -  the 
friction  coefficient  for  liquid;  p  -  the  coefficient  which  characterizes 
the  friction  between  gas  and  liquid  particles ;  -  dissipative 

functions ,  moreover 


(2.146) 


For  determination  of  the  dissipative  function  $r 
should  use  the  equation,  which  in  Cartesian  coordinate 
so  C 9 4'3 : 


for  gas  one 
s  is  written 


:?r+c£)’j+c£+t'r+ 

1  tar*-,  dw.y  ,  /ar,  .  dw,y  2_  tawx,  svv  dxr,y 

'  \.dy  dz  )  1  dz  dx  )  3  a  dx-  dy  dz  )  ‘ 


(2.147)' 


The  second  dissipative  function  can  be  written  by  analogy  with 
the  first  „  having  substituted  components  W.  by  the  appropriate 
velocity  components. 


Let  us  determine  the  heat,  which  is  liberated  with  friction 
between  liquid  and  gas,  i.e.,  with  mixing  of  flows.  The  equation 
of  the  law  of  conservation  of  energy  for  a  certain  volume  v  under 
the  assumption  of  complete  alignment  of  velocities  will  be  written  so: 


Ition  of 
of  dissipa- 
;  of  the 
lotion 
'  as  a 

r  particles . 
lated  -as 


|  o(i  - x)  ws  dv- f  |  e*y.cw = J oo (Atv + 2Q. 
According  to  the  law  of  conservation  of  momentum 


(2.148) 


q(1  -z)  W+qjC^QoU.  (2 .  149 ) 

Having  substituted  the  values  of  total  velocity  U  from  equation 
(2.149)  in  equation  (2.148),  after  conversions  we  obtain 


•'--ky/C-'-eo  l—  (1  —y) u7  — /C)‘  <tv. 

\C0  Qu  1 


(2.150) 


10  4 


(2.145) 


■wear 


The  value  of  trtte  dissipative  function  is  determined  from  equation 
(Z.lhS).  Equation  (2.150)  shows  that  in  the  initial  period  of 
burning,  when  x  *  1,  just  as  at  the  end  of  the  process,  when  x  *  0, 
dissipation  is  absent,  which  is  entirely  evident.  The  -greatest  thermal 
effect  will  be  when  x  =  0.5.  -If  we  are  guided  by  the  average  value 
of  relative  velocity,  then 


Q.„-0,12.x.(r-C)^.  (2 . 151) 

The  change  of  internal  energy  of  gas  and-  liquid  will  be 

£$((y7V««-£$®<1  --7)cJdV-r-^\^fC.;nxdV.  (2.152) 

mV  V 

The  work,  being  spent  on  change  of  the  volume  of  gas  and  liquid, 
in  the=  case  of  consideration  of  the  compressibility  of  liquid  will  be 

Lv  «  f.(l -x)pdlvWdV  f  f  x/»dlv  CdV.  (2 . 153) 

i'  {> 

By  equating  the  heat  applied  to  the  element  to  the  change  of 
internal  energy  and  to  work  being  spent  on  deformation  of  the  burning 
flow,  we  obtain  a  general  equation  of  the  law  of  conservation  of 
energy : 


v 


IV 0  -/)<P%dV-\- 


+  5  -i-  \  V#dV  1=-—  ^  o(l  — y.)  CyTdV -j- 

V  V  \  a  y 


(2 . i5h) 


if 

equatio 
then  we 


Lei 

(2.155) 


■By  :^ni 


we  find 


Let  us  ; 
it 


Here  all  quantities,  which  characterize  the  supply  or  removal  of 
heat  for  the  burning  flow,  are  calculated  for  a  unit  of  volume. 

With  re: 


t 


i 

i 
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ion 


« 


-  0, 

t  thermal 
value 


(2.151) 


(2.152) 

liquid, 
will  be 

i 

(2.153) 

;  of 
burning 
of 


(2.154) 


of 


if  in  this  equation  we  convert  the  last  two  terms,  using 
equation  (2.130)  of  the  lav:  of  corivervaticn  of  mechanical  energy, 
then  we  obtain 


^Qcav+  i  +i|  J 

+'Jc^]+|#(1-z)S(/i  -! -ft)  wtdv+ 

+  \  «ux£f/i  ■}•?/)  Qrfi' -~\e(i-x)  <y7W + 

£  *  v 

+~  S  y  £  W1  -*)fW+ 

V  V 

J(1  -•/)d(v(/>F)rf^-i-  fzdiv(/>C)tfl+  (2  •  155) 

■/v  tJ 

Let  us  examine  the  integrands  of  the  last  two  terms  of  equation 
(2.155).  As  was  shown 

d.+(pr)=/i-^-+/>dlvlF.  (2.156) 

at 

By  using  the  equation  of  continuity  in  the  form 

<3+g  dlv  r=o, 

we  find 

odlvr  =  --2-q. 
e 

Let  us  add  to  the  right  side  of  expression  (2.158)  and  subtract  from 
it 


With  respect  to  the  rule  of  differentiation  of  fraction 

^(fH-  f*  (2,159) 


(2.157) 


(2.158) 
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Consequently , 


(2:.  160 ) 

and  further 

(2.161) 

Let  us  use^  the 

equation  of  state 

P~qRT. 

(2.162) 

The  int 

Consequently,, 

can  be 

div(^)=C”(W)-"  • 

(2.163) 

Th 

i.o.  ,  U 

As  is  known , 

Th 

Cy~\~Rz=  C p* 

'(2.164) 

energy 

first  i 

Thus 

burning 

V  V 

— yjdiv  {pW)dV= 

Wh 

9  =  0. 

=  ~\Q(l-7.)cpTdV.\.\  ( 

V  V 

1 -y)d2.JV. 

dt 

(2.165) 

area  of 

It  Is  c 

found,- 

For  the  case  of  compressible  liquid  analogically  we  find 

gaseous 

~  \  ^ycJJV  +  \  *  cli  v  (PC)  dV^ 
V  V 

V  V 

By  using  the  obtained  relationships,  we  find 


Th 

due  to 

(2.166)  vapori; 

it  subs: 
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-■>. .  160 ) 


2.161) 


1-2.162) 


(2.163) 


'(2.l6i») 


(2.165) 


2.166) 


v  v  lr 

+| ftjf #JV  +Jl^j+jo(i  V  </,  '■ri'iWtdV  + 

+  5 e«X 'j&Ui+gi) CtdV  ==.£.  ^c(l— x)  CfTdV  + 
v  v 

+ ji  \ 9&JJV +~  Yt  \  «<»  -x>  rw + 

V  V 

+f  I7\^cw-\aid''- 

V  V 


(2.167) 


The  Integrands  in  equation  (2.167)  depend  on  coordinates,  i.e.,  they 
can  be  different  for  various  points  of  intrachamber  space. 

Thus,  for  instance,  the  gas  velocity  is  a  function  of  :x,  r  and  $, 
i.e.  ,  W(Xj  r,  <|») . 

The  left  side  of  equation  (2.167)  characterizes  the  supply  of 
energy  to  the  burning  flow,  contained,  in  selected  volume  V .  The 
first  integral  determines  the  supply  of  heat  as  a  result  of  propellant 
burning. 

Where  the  preparation  of  propellant  for  vaporization  occurs, 

52  =  0.  Inasmuch  as  burning  is  also  absent,  then  QQ  «  0.  In  the 
area  of  vaporization  and  burning  QG  reaches  the  greatest  value. 

It  is  closer  to  the  nozzle,  where  only  the  combustion  products  are 
found,  the  thermal  effect  is  caused  by  chemical  transformations  in 
gaseous  phase. 

The  second  term  characterizes  the.  supply  of  heat  to  propellant 
due  to  heat  exchange.  In  the  area  of  preparation  of  propellant  for 
vaporization  the  heat  exchange  is. the  determining  process.  Further 
it  substantially  affects  the  intensity  of  vaporization  and  burning. 
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The  last  two  terms  of  the  left  side  of  the  equation  consider 
the  supply  of  energy,  caused  by  the  action  of  external  mass  forces. 

The  first  two  terms  of  the  right  side  of  the  equation  show  the 
change  of  gas  and  liquid  enthalpy  with  consideration  of  the  change 
of  quantity  of  available  liquid.  The  following  two  integrals  character¬ 
ize  the  energy,  being  spent  on  change  of  the  velocity  of  gas  and 
liquid  particles.  The  last  term  o£  the  equation  determines  the  local 
\{.tlme)  change  of  pressure  in  the  combustion  chamber. 

By  using  equations  of  continuity  (2. 100) ,  motion  (2.116), 

(2.117),  (2.118),  (2.122),  (2;123),  (2.124),  law  of  conservation 
of  energy  <(2.l67)  and  equation  of  state,  we  determine  W.-t  C.a  p  and  p. 
The  remaining  parameters ,  entering  these  equations ,  are  assigned 
in  the  form  of  numbers  or  with  the  aid  of  additional  equations. 

j- 

Let  us  examine  particular  cases  of  utilization  of  the  equation 
of  energy. 

With  the  absence  heat-mass  transfer  and  not  allowing  for 
external  effects  the  equation  of  energy  of  gas  flow  takes  the  form 

”T  $  WvT  M  +  \  P  d> v  WdV=* 0. .  (2.168) 

V  V 

By  using  equations  (2.160),  (2.162)  and  (2.164),  we  find 

CPT(IV -\pdV=.0.  (2.169) 

v  v 

Let  us  divide  integrands  by  p.  When  the  integrands  do  not  depend 
on  coordinates  or  they  are  taken  in  the  form  of  average  values,  we 
obtain 
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By  using  equation  of  state,  we  find 
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2.169) 

I  depend 
!  we 

2 . 170 ) 


djCpT)  dp 
~RT  p  ' 


(2.171) 


Consequently , 

if  dT  dtp  dp 

77+T“7f 

Inasmuch  as  the  adiabatic  index 


we  obtain 


*-l  T  V*—  1/ 


dp_ 

P 


(2.1?2) 


(2.173) 


This  equation  describes  the  process  with  consideration  of  the  change 
of  adiabatic  index.  If  we  are  guided  by  the  average  and  constant 
values  of  adiabatic  index,  then  after  integration  and  conversions  of 
equation  (2.173)  we  arrive  at  the  adiabatic  equation  in  the  form 

t-i 

£=(•*■)*.  (2.17^) 

fo  \PoJ 

Let  us  write  an  equation  for  a  zone ,  where  vaporization  and 
burning  of  propellant  were  finished.  While  not  taking  into  account 
heat  exchange  and  the  action  of  external  mass  forces  we  find 

±.±<i<,wUv+jr\<!cfr*v-yJr*v= 0.  (2.175) 

V  V  V 

If  in  any  section  the  pressure  is  not  changed  with  time,  then,  by 
substituting  the  average  values  of  parameters  of  integrands,  we  obtain 


(2.176) 


By  using  equation  (2.176),  let  us  examine  two  sections  of  a  gas  line 
of  arbitrary  shape.  According  to  the  law  of  conservation  of  energy 
for  these  two  sections 


(2.177) 


y-.-y 


By  using  the  equation  of  state  for  ideal  gas 

P-qRT 


(2.-178) 


and  known  relationship 


Ci>—Cv~R, 


(2.179) 


we  obtain 


Consequently , 


r  _ _  fV  R  &ey _ *  /J 

'  p  V  eP—  V  _ » ’ 


(2.180) 


(2.181) 


Thus,  the  relationship  between  pressure,  density  and  the  velocity  of 
the  moving  deformable  medium  takes  the  form 


El ,  JL  fLjZS+JL  ft 

2  r*-]  ci  2  '  *-i  & 


(2.182) 


or 


W2  .  It  D 

T+rrr,“con,t-  (2.183) 

For  determination  of  the  efflux  velocity  of  gas  from  the  nozzle  let  us 
integrate  relationship  (2.176)  and  we  find 


Wa^y^c^-'KC'T^Wl. 


(2.18*1) 
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Let  us  designate  the  relationship  of  heat  capacities  through 


2.177) 


(2; 178) 


(2.179)-- 


(2.180) 


(2.181) 

Ity  of 


(2.182) 


(2.183) 
le  let  us 

(2.184) 


For  determination  of  the  efflux  velocity  of  gas  we  have 


(2.185) 


Thermal  efficiency 


(2.186) 


(2.187) 


By  using  adiabatic  equation  (2.174),  after  conversions  we  obtain 


where 


(2.188) 


(2.189) 


Pa  -  nozzle  exit  pressure.  The  product  of  ctKTK  is  equal  to  the  heat 
content  of  gases  in  the  chamber  i  .  If  we  do  not  consider  heat 

K 

losses,  then  the  heat  content  i  is  equal  to  the  quantity  of  heat, 
which  is-  liberated  during  the  combustion  of  propellant.  Sometimes 
we  use  relationship 


(2.190) 


In  this  case 


W, 


,=•)/: 2~/?7V)H-n 


(2.191) 


In  engineering  calculations  we  consider  the  deviation  of  acutal 
efflux  conditions  from  calculated  by  the  velocity  coefficient  <j>  or 
by  replacement  of  the  adiabatic  index  by  politropic  index.  Calculation 
formulas  have  the  form  S-'-'"' 
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Sometimes  it  is  convenient  to  determine  the  efflux  velocity, 
through  quantity  of  heat  Q,  which  is  liberated  in  the  chamber  during 
propellant  combustion.  With  the  absence  of  losses 

Q=i,  (2.193) 

where  i-cpKTK  -  the  heat  content  of  combustion  products. 

In  this  case 


RT-  ‘(2.199) 

For  determination1  of  the  efflux  velocity  of  losses  we  have 

P]/2QV  (2.200) 

Thus  the  efflux  velocity  of  combustion  products  from  the  nozzle 
depends  on  three  factors . 

For  increase  of  the  quantity  of  heat  Q,  which-  is  liberated  during 

propellant  combustion,  one  should  select  propellant  and  such  a  ratio 

of  components  fe^,  in  order  to  obtain  the  highest  value  of  complex, 

-  —  RT  with  prescribed  pressure  in  the  chiunber. 
k —  1 

In  this  case  it  is  expedient  to  have  the  lowest  possible  temper¬ 
ature  of  combustion  products  and  the  highest  possible  value  of  gas 
constant,  i.e.,  low  apparent  molecular  weight. 

2.6.  Reactive  Force  and  Thrust 

Reactive-  force  R  appears  as  a  result  of  the  interaction  between 
burning  flow  (gas  .flow)  and  the  Interior  surface  of  combustion 
chamber  and  nozzle  walls.  Reactive  force  is  made  up  of  elementary 
forces,  normal  to  the  surface  of  the  chamber  and  nozzle,  and  the 
resultant  of  these  forces  is  directed  along  the  length  of  the  axis 
opposite  the  direction  of  motion  of  gases.  If  the  pressure  of  the 
surrounding  medium  is  nonzero,  then  the  external  surface  of  the  chamber 
is  affected  by  elementary  forces  of  external  pressure,  normal  to  the 


•  -M- 


external  surface  of  the  combustion  chamber  and  nozzle.  'The 
resultant  of  these  forces  ?  is  directed  along-  the  axis  of  the 
chamber  and  coincides  with  the  direction  of  motion  of  .gases.  The 
total  force  effect  on  the  interior  and  external  surface  of  the 
combustion  chamber  and  nozzle  is  thrust 

P==R—P„.  (2.201) 


The  thrust  vector 


P=R+Ph.  (2,.  202) 

Let  us  determine  the  reactive  force.  The  vector  of  surface 
forces,  applied  to  elementary  particles  of  flow  on  the  interior 
surface,  limited  by  the  walls  of  combustion  chamber  and  nozzle 

)  "pd!: -----l  pK(i('  +  [  ~Pa dF,  (2.203) 

F  F  F 

1  rK  1  a 

where 


F=FK+Fa’, 


F  -  the  interior  surface  of  the  combustion  chamber  and  nozzle; 

H 

F  -  the  area  of  the  nozzle  exit  section; 
a 

p=pn\ 

p  -  modulus  of  pressure;  n  r  unit  vector,  normal  to  the  surface; 
p  -  the  current  value  of  pressure  in  the  .combustion'  chamber  with 
nozzle;  pa  -  the  pressure  of  outflowing  gases  in  the.  nozzle  exit 
section. 

The  first  integral  of  the  right  side  of  equality  (2.203) 
characterizes  the  action  on  the  gas  flow  on  the  part  of  walls.  The 
equal  in  value,  but  oppositely  directed  vector  is  the  reactive  force. 
There  fore , 
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The  work  of  the  reactive  force  *  pertaining  to  a  unit  of  time  , 

^  =  -4  P*WadF.  (2.205) 

By  using  formula  (2.1 39 ) ,  we  find 

dlv(p1jp)iiV.  (2.206) 

Now,  returning  to  equation  (2-.138),  we  note  that  the  work  of 
expansion  of  gases  taking  into  account  the  action  of  mass  forces  is 
equal  to  the  kinetic  energy  of  outflowing  gases  and  to  the  work 
being  performed  by  the  reactive  force. 

For  a  closed  internal  contour  of  combustion  chamber  and  nozzle 
the  effective  force  on  the  gas  flow  is/  the  integral,  standing  in  the 
left  side  of  equation  (2.203).  In  order  to  obtain  the  expression  of 
total  internal  force,  it  is  necessary  to  take  into  account  the  externa 
mass  forces,  affecting  the  gaseous  and  liquid  products,  moving  along 
the  internal  cavity  of  the  combustion  chamber  and  nozzle.  The 
elementary  pulse  of  total  internal  force 


dl =[|  PdF +^(\-i)(7+J>)dV  +  \u*z(7rU'/l/]  dt.  (2.207) 

Gas  and  liquid  particles  at  every  point  of  the  internal  volume 
v  can  have  different  density  p(x,  r,  <J>)  and  r,  $)  and  various 

velocities  i7,  C.  The  relative  quality  of  liquid  particles  in  a 
unit  of  volume  also  depends  on  coordinates,  1 .  e  .„,  \(x ,  r,  4>) . 
Therefore,  the  change  of  momentum  of  the  gas  flow,  which  fills 
volume  7,  will  be 


dl) ,  y)  W  dV  ---  j  tjMyC dV 

M'  y 


(2.208) 


A 


By  equating  the  pulse  of  force  dl  to  the  change  of  momentum  dQ  and 
considering  equations  (2.203)  and  (2.204),,  we  find 

.\.^ac<tvy 

+ J  e(i  -z>(7+  g)dv+  f  t w.u+i:)dv  +  f  ~p‘dF.  (2.209) 

-V  V  Jr 

a 

If  we  disregard  the  effect  of  liquid' particles ,  then  in  expression 
(2.209)  one  should  take  x  *  0.  In  this  case  for  determination  of 
reactive  force  we  will  have 

\  ett/  dV+  \  Q(T+g)dV  (2.210) 

The  first  integral  of  the  right  side  of  equation  (2.210)  can  be 
presented  by  the  sum  of  [57]: 

ir\*WdV  -:\<ww'„dF+±\QWdv.  (2.211) 

During  examination  of  stationary  conditions  the  augend  of  the  right 
side  of  equation  (2.211)  oecomes  zero.  The  addend  of  the  right 
side  of  the  same  equation  corresponds  to  internal  surface  F ,  it  can 
be  represented  by  the  sum 
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The  second  integral  of  ,the  right  side  of  equation  (2.212)  is  nonzero 
with  the  presence  of  outflow  or  inflow  of  mass,  for  example,  from  a 
system  of  film  protection  of  the  chamber  wall.  In  the  flow,  directed 
only  along  the  axis  of  the  chamber,  in  the  absence  of  liquid  feed 
through  openings  or  slots  in  the  chamber  wall,  instead  of  equation 
(2.212)  we  will  have 


{Qir3dF=f  QW*xdF-$  WldF.  (2.213) 

'  r„ 

The  minus  sign  for  the  augend  of  equation  (2.213)  is  used  because  the 
direction  of  velocity  W  is  opposite  the  direction  of  the  action  of 
reactive  force.  Integral 


1  W„dF=G„  (2,214) 

"lit 

is  equal  to  the  inflow  of  working  medium  into  the  combustion  chamber 
through  inlet  openings,  whose  total  area  of  useful  cross  section, 
measured  in  the  plane  perpendicular  to  the  axis  of  the  chamber,  is 
equal  to  Fax. 

The  flow  rate  of  gases  through  the  nozzle  exit  section  Fa  Is 
equal  to 


y<>WadF=-.Ga.  (2.215) 

K 

Velocities  W  ,  U  and  density  p  generally  depend  on  the  distance 

B  X 

from  the  axis  of  the  chamber.  If  we  are  guided  by  average  values 
of  density  and  velocity,  then 


or„F„-G„;  (2.216) 

QV'aFa~Ga.  (2.^17) 
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In  this  esse,  if  .  =  c  ,  then 
’  ax  a7 

jcWiiF—  -c.ot'.-r.,,.  (2.218, 

If  we  consider  the  intake  velocities  of  liquid  or  gaseous  working 
medium,  into  the  combustion  chamber  WM<Wa  or  if  we  determine  the 
magnitude  of  reactive  force  not  for  the  chamber  alone,  but  for  the 
entire  power  plant,  then 


U  WtlF**-GaW..  (2.219) 

F 

The  second  integral  of  the  right  side  of  equation  (2.211) 
reflects  the  peculiarities  of  noristationary  operating  conditions 
of  the  combustion  chamber  and  nozzle.  In  fact. 


\adV=mK  (2.220) 

V' 

is  equal  to  the  mass  of  products,  filling  the  internal  volume  of  the 
chamber.  If  all  this  mass  as  one  whole  would  move  with  variable 
speed  u/cri  then 


±  \QWdV--.mKW't.  (2.221) 

v 

In  actuality  pit,  x,  r,  $)  and  Wit,  x,  r,  4>) .  In  one -dimensional 
flow  pit,  x)  and  Wit,  x) .  In  this  case  ,• 

f  vWdAdx,  (2.222) 

v  (oVi)  / 

where  xa  -  the  distance  from  the  injector  assembly  of  the  chamber 
to  the  nozzle  exit  section. 
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fix)  * 

represents  mass  flow  rate,  which  under  nonstationary  conditions  is 
changed  with  time  and  is  different  for  various  cross  sections  of  the 
chamber  and  nozzle.  Thus, 


~\^dV^MG(t,x)dx.  (2.22H) 

v  a 

Let  us  determine  the  resultant  of  elementary  forces  of  external 
pressure.  Let  us  write  an  expression  for  the  determination  of  the 
total  vector  of  surface  forces ,  applied  to  elementary  particles  of  the 
external  medium  on  the  part  of  the  external  contour  of  the  combustion 
chamber  and  nozzle: 


fe  of  the 
able 

where 


(2.225) 


(2.221) 


sional 

(2.222) 

3h  amber 


p  -  modulus  of  external  pressure.  The  vector  of  surface  forces, 
directed  from  the  external  medium  to  the  outer  surface  F  of  the 

K 

combustion  chamber  and  nozzle,  is  equal  in  magnitude  to  the  first 
integral  of  the  right  side  of  equality  (2.225),  but  is  opposite  in 
sign ,  i .e. , 


The  total  force  pulse  of  surface  forces 


dl» 


(2.226) 


(2.227) 
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should  be  equal  to  the  change  of  the  momentum  of  external  medium, 
i.e. , 


J 


(2.228) 


where  J?H  -  the  flow  velocity  of  external  medium  relative  to  the 
combustion  chamber;  mH  -  the  mass  of  flow  of  external  medium,  acting 
on  the  engine.  If  the  combustion  chamber  is  protected  from* the 


action  of  external  medium,  then  dl  3  0  and  dQ  0,  and  consequently, 

H  H 


^P»dF=( 


(2.229) 


Thus,  for  the  combustion  chamber  and  nozzle 


pKdF. 


(2. 230) 


Now,  using  equations  (2.202)  and  (2.230),  we  arrive  at  the 
equation  for  determination  of  the  thrust  vector: 


Pr., 


\ 0(1  -y.W (iV  4-  c >KyCdV ]-|- 


+  fe0-z)(7+^)^-|-fcuz(y'!-fi:)^+  f  (pa~pM)dF. 

v  K, 


(2.231) 


By  discarding  liquid  particles  from  examination  and  using  equation 
(2.211),  we  find 


P=  qWW,  (IF  -  —  ^qWUV  -I- 

_  r  „  v 

-f  |c(7-h*)^+j  CPa~~P„)dF. 
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For  pressures  p  and;  p  let  us  take  their  average  values  along 
the  entire  surface  and  let  us  designate  the  projections  of 
accelerations  in  the  direction  of  action  of  thrust  force  through 
j  and  g,  then  we  obtain 

p~o.w.-± 

+ 1 QU + g)  dV  -f  F,(pa-  Pn).  (2.233) 

For  steady  state  and  not  taking  into  account  the  action  of  external 
mass  forces 


P-GaWa+.Fa(pa-P„).  (2.23-0 

During  engine  operation  at  high  altitudes  p«*0 ;  consequently,  thrust 
..force  in  a  void 


P'.~GaWo+F'P*.  (2.235) 

The  calculation  condition,  at  which  the  greatest  thrust  corresponds 
to  the  assigned  pressure  of  surrounding  medium,  is  satisfied  by 
condition  pa  -  pH-  In  this  case 


Pt=GaWa. 


(2.236) 


Specific  thrust 


The  quantity  of  Newtons  of  thrust,  obtained  with  combustion  of 
a  unit  of  mass  of  propellant  in  one  second,  or  the  ratio  of  thrust 

to  the  mass  flow  rate  of  propellant  per  second,  is  called 
specific  thrust: 


^+Ff(pa-p„). 


(2.237) 
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During  operation  at  calculated  conditions ,  when  p  -  p  , 

(t  H 

Pw~W..  (2.238) 

If  the  flow  rate  of  propellant  is  not  changed  with  time,  then  the 
total  propellant  consumption  ' 


m-t — G(o, 


where  _  the  time  of  operation  of  engine.  Consequently, 


(2.239) 


Equations  (2.238)  and  ;( 2 . 239 )  show  that  specific  thrust  /jynp  is- ‘"the 
efflux  velocity  (in  m/s),  which  1  kg  of  combustion  products  acquires 
under  the  action  of  the  thrust  impulse  rp,  equal  to  1  N*s.  By 
multiplying  and  dividing  the  right  side  of  equation  (2.239)  by 
mpa H+ntt  after  simple  conversions  we  obtain 


P  ■ 


(2.240) 


where  mp»,(  -  the  mass  of  a  rocket  not  taking  into  account  the  mass 
of  propellant  being  fueled-;  -  the  launching  (initial)  mass  of 

thd  rocket,  moreover 


WfpUK.  !l  =  fflpdK  +  n-[. 


When  designing  a  rocket  and  /engine  we  provide  optimum  values  of  ratio 

?■=—  and  .  (2.241) 

mptK.N  mX 

For  the  realisation  of  launch  it  is  necessary  that  y  be  equal  to  or 
exceed  the  projection  of  acceleration  of  gravity  to  the  direction  of 
the  rocket  axis,  i.e.,  Under  conditions  (2.241)  we  obtain 


(2.242) 


(2.238) 


(2.239) 
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Thus,  specific  thrust  characterizes  the  maximum  possible  time  of 
operation  of  the  engine,  corresponding  to  actually  being  attained 
values  of  jj  and  m. 

2.7  Equation  of  Entropy 

During  the  calculation  of  motion  of  combustion  products  along 
the  chamber  and  through  the  nozzle  it  is  convenient  to  use  the 
equation  of  entropy.  As  is  known, 


(■2.243) 


By  using  expression  (2.154),  but  without  considering  external  mass 
forces,  for  one-dimensional  flow  we  find 


(2.240) 


^(qQ) = ■jfii'vT) + P  div  W. 


(2.244) 


ass  of 


By  equations  (2.129)  and  (2.131)  we  find 

p  di  v  div  ( pW )  -p+^. 

dt 


(2.245) 


According  to 'equation  (2.l6l)  we  have 


of  ratios 


dl  v  • 

Q  01 


(2.246) 


(2.241) 


al  to  or 

jction  of 
)taln 


Consequently , 


p  div  Uy  —  ~  ---  p, 

Q 


Now  the  equation  of  energy  (2.244)  takes  the  form 


±m^vn-±P. 


(2.24?) 


(2.248) 


By  using  the  equation  of  state  and  having  divided  the  expressions 
after  the  sign  of  derivative  by  p,  we  obtain 

d-g=±(CvT)-/trjL.  (2.249) 

at  at  Q 


Por' 
quantity 
empirical 
gas  or 


Having  divided  both  sides  of  the  equalities  by  T,  we  find 

tS.^tSX.+evL-.ti±,  (2.250) 

.It  dt  V  T  ;(J 

Being  guided  by  the  average  value  of  heat  capacity,  after  integration 
we  arrive  at  the  equation  of  entropy 

AS=S,-S2=rvInlL-/?lnSL.  (2.251) 
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By  replacing  in  equation  (2.251)  the  densities  through  pressures  by 
the  equation  of  state  and  taking  into  account  that  Cj>~cy+/?.  , 
we  obtain 


i 


AS^St-St-c, \nZ--R\nlh,  (2.252) 

2.8.  Equations  of  State  of  Ideal  and  Real  Gases 

Equation  (2.162)  is  valid  for  an  ideal  gas.  For  real  gases  when 
performing  engineering  calculations  it  is  applicable  at  relatively 
low  pressures,  with  higher  possible  temperatures  and  under  conditions 
far  from  the  area  of  saturation. 
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'in  modern  liquid-propellant  rocket  engines  the  pressures  are 
rather  high.  The  gases  move  in  separate  ducts  at  very  low 
temperature.  Inasmuch  as  the  equation  of  ideal  gas  does  not  consider 
intermolecular  forces  and  the  volume  of  molecules,  in  contemporary 
calculations  we  are  sometimes  guided  by  equations  of  state  of 
real  gases . 
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For  the  mathematical,  description  of  the  state  of  real  gas  a  large 
quantity  of  working  formulas  is  suggested.  In  most  cases  these  are 
empirical  expressions,,  in  which  the  specific  features  of  the  considered 
gas  or  gas  .mixture  are  considered  correction  factors. 

The  widest  distribution  was  received'  by  the  equations  of 
van  der  Walls,  Berthelot,  Dieterici,  Betti-Bridgmen ,  Bol,  Key  and 
others . 

Many  scientists  considered  that  the  specific  constants  can  be 
excluded,  if  in  the  equations  of  state  instead  of  absolute  we 
substitute  the,  reduced  values  of  parameters,  found  from  experiment 
or  on  the  basis  of  some  theoretical  examinations. 

The  van  der  'Walls  equation,  for  example,  has  the  form 


where  a,  b  -  constants,  which  characterize  the  peculiarities 
of  the  considered  gas.  Here  the  specific  volume  is  corrected  by 
quantity  b,  considering  the  effect  of  the  natural  volume  of 
molecules'  of  gas  on  pressure,  due  to  which  the  free  space  is  decreased. 
Therefore,  in  real  .gas  the  collision  of  molecules  together  and  their 
impacts  against  walls  of  the  shell  will  be  more,  frequent  than  in 
ideal  gas.  This  correction  is  approximately  equal  to  quadruple  the 
natural  volume  of  molecules. 

The  cohesive  forces  between  molecules  attract  the  molecules , 
located  closer  to  the  surface  of  the  shell,  to  the  center  of  the 
capacity.  The  decrease  in  this  case  of  the  force  of  impacts-  of 
molecules  against  the  shell,  and  consequently,  pressure  are  considered 

p 

by  quantity  a/v  . 

The  values  of  constants  a  and  b  can  be  found  in  reference  books 
and  in  specialized  literature. 


.  The  van  der  Walls  equation  In  the  given  form  is  written  in  the 
following  manner: 


„  R'Tr  a1 

,.f  (2.254) 


where  a b'  and  i?'  -  universal  constants,  which  do  not  depend  on 
the  properties  of  gas  and  are  connected  with  primary  constants 
a  and  b  by  equations 


Psvs  l‘s  psvs 


(2.255) 


where  p  .  v  ,  T  -  critical  parameters. 

The  determination  of  constants,  entering  equation  (2.253), 
is  based  on  the  fact  that  the  isotherm  at  a  critical  point  has 
inflection.  By  using  equation  (2.254),  in  courses  of  thermodynamics 
are  found  expressions  for  determination  of  critical  temperatures 
and  pressures  in  the  form 

r*=! 5735*5  ''“27*  •  (2.256) 


whence,  by  knowing  T  ,  p  and  R,  we  determine  the  desired  constants. 

The  amount  of  error,  being  obtained  during  calculation  by  the 

given  formulas,  depends  on  the  pressure  for  each  gas  of  it.  As  shown 

by  comparison  of  experimental  data  with  results  of  calculation  by 

formulas  of  Clapeyron  and  van  der  Walls  ,  for  nitrogen,  for  example, 

2 

at  normal  temperature  and  pressure  up  to  10  MN/m  the  cohesive  force 
and  the  volume  of  molecules  do  not  noticeably  affect  the  results  of 
calculation,  and  they  cannot  be  taken  into  account,  thus  considering 
nitrogen  an  ideal  gas  up  to  the  shown  pressure.  Carbon  dioxide,  for 
example,  deviates  from  the  laws  of  ideal  gas  considerably  earlier 
than  nitrogen,  which  is  attested  to  by  values  of  specific  volumes  at 
normal  temperature  in  mfymole,  given  in  Table  2.1. 
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Table  2.1. 


p 

bar  , 

According 
to  exper¬ 
iments 

.  According  to  equation 

.Clapeyron 

van  der  Waal 

1.0 

25-57  - 

25.7 

25.6 

10.0 

2. '4  49 

2.57 

2.471 

50.0 

0.380 

Q.513 

0.395 

100.0 

0 . 0b'9 

0.257 

0.089 

In  the  technology  of  computation  of  parameters  of  real  gas 
rather  wide  appli. cation  was  received  by  equation 

.(2.257) 

where  Z  -  the  compressibility  factor,  equal  to  one  for  an  ideal  gas. 
The  compressibility  factor  Z  is  dimensionless  and  for  real  gases  is 
changed  from  0.3  to  a  quantity  somewhat  exceeding  one,  if  we  do  not 
consider  the  region  of  very  high  pressures.  There  are  many  methods  of 
of  determination  of  the  compressibility  factor.  In  the  first 
approximation  we  consider 


Z—f(p„  Tt), 


where 


(2.258) 


(2.259) 


For  determination  of  Z  by  formula  (2.258)  in  [78]  there  are  provided 
charts  Nelson  and  Oberth. 
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CHAPTER  J'T-I 

SOME  QUESTIONS  OF  INTRACHAMBER  PROCESSES 

To  the  research  of  intrachamber  processes  are  devoted  many 
works:  [10],  [Ill]’*  [20],  [33],  [*i8],  [75]  and  others.  Research  is 
conducted  usually  in  accordance  with  a  particular  engine  layout 
and  prescribed  operating  conditions  of  the  combustion  chamber.  In 
this  case  there  are  considered  low-frequency  and  high-frequency 
(acoustic)  oscillations,  the  motion  of  burning  flow  and  combustion 
products,  the  Interconnection  between  the  basic  flow  and  boundary 
layer  under  conditions  of  starting,  operating,  shutdown. 

In  this  chapter  are  examined  only  some  separate  questions, 
which  characterize  the  specific  character  of  intrachamber  processes 
in.  the  first  approximation. 

3.1.  Simplified  Method  of  Construction 
of  the  Bound ary  of  Low-Frequency 
Stability 

The  character  of  intrachamber  processes  is  judged  by  their 
external  manifestations.  The  basic  source  of  information  Is  the 
oscillogram,  on  which  there  is  reflected  a  change  of  many  parameters 
with  time,  including  thrust,  the  flow  rates  of  propellant  components, 
pressure  in  the  central  part  of  the  chamber.  The  oscillogram  or 
the  complete  set  of  oscillograms,  where  the  character  of  change  of 
basic  parameters  during  the  entire  period  of  operation  of  the 
combustion  chamber  is  recorded,  can  be  called  the  external 
characteristic  of  the  chamber.  Figure  3.1  shows  oscillograms  of 
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pressures  before  the  injectors  and  in  the  combustion  chamber, 
measured  during  the  tost  of  a  training  model  of  a  [ZhRD]  (HiP#) 
liquid-propellant  rocket  engine. 


Fig.  3.1.  Oscillogram  of 
change  of  pressures  before 
injectors  and  in  the 
combustion  chamber  when 
starting  and  during 
operating  conditions:  .4 — 
before  the  oxidizer 
injector;  B  —before  the 
fuel  injectors;  C  —  in 
the  combustion  chamber. 


In  the  examination  of  oscillograms  there  are  observed  changes, 
various  in  character,  of  instantaneous  values  of  parameters  during 
starting,  during  prolonged  continuous  operation  of  the  engine  and 
during  shutdown. 

The  character  of  change  of  parameters  with  time,  especially 
of  pressure  in  the  chamber,  is  exceptionally  complex. 

As  can  be  seen  from  Fig..  3.15  ev.en  before  the  ignition  of 
propellant  (to  the  left  of  line'  1-1)  there  was  recorded  a  temporary 
increase  of  pressure  before  the  oxidizer  injectors,  caused  by  the 
motion  of  liquid  through  hydraulic  ducts.’ 

Before  starting  an  abrupt  increase  of  pressure  before  the 
oxidizer  injectors  is  noticeable.  After  this  there  are  observed 
some  decrease  of  pressure  in  the  chamber  and  high-amplitude,  gradually 
damped  oscillations  of  pressure  before  the  fuel  injectors.  It  is 
usually  difficult  to  establish  a  clear  boundary  of  the  termination 
of  starting  or  the  beginning  of  operation  at  nominal  rating. 
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On  the  examined  oscillogram  after  line  1-1  the  pressure  in  the 
chamber  is  slowly  increased  to  nominal  value;  as  line  2-2  is 
approached  the  calculated  value  of  pressure  is  gradually  established. 
Curves,  enclosed  between  lines  2-2  and  3-3,  characterize  the  operation 
of  the  engine  in  the  first  seconds  after  starting,  and  curves  to 
the  right  of  line  3-3  correspond  already  to  approximately  a 
hundredth  of  a  second  of  operation  of  the  engine  under  operating 
conditions . 

Figure  3.2  for  an  example  shows  oscillograms  of  pressure  in 
the  combustion  chamber,  obtained  during  the  test  of  a  small  experi¬ 
mental  ZhRD.  Depending  on  the  launching  conditions  various  curves, 

(A,  6,  B,  T).  At  operating  conditions  (curves  P,  E,  W,  3)  there 
was  observed  superposition  of  high-frequency  oscillations,  flowing 
with  small  amplitude,  on  low-frequency.  There  are  recorded  sawtooth 
oscillations  (M.  H)  and  oscillations  with  amplitude  periodically 
changing  with  time  (P,  M).  Recording  with  the  aid  of  more  precise 
instruments  allowed  refining  the  character  of  oscillations. 
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Fig.  3.2.  Pressure  fluctuation  in  the 
combustion  chambers. 


After  the  examination  of  many  oscillograms  it  is  possible  to 
distinguish  the  characteristic  types  of  oscillations. 
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Frequently  we  encounter  "impact”  low-frequency  oscillations 
(Fig.  3-3,  curve  A).,  in  certain  cases  high-frequency  oscillations 
are  superimposed  on  them.  Low-frequency  oscillations  can  be 
"sawtooth"  (B)  ~or  close  to  sinusoidal  (A).  On  these  types  of 
oscillations  there  also  can  be  superimposed  high-frequency  oscilla¬ 
tions  (r),  (e)  . 
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Fig.  3.3.  The  characteristic  types 
of  pressure  fluctuations  in  the 
combustion  chamber. 
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There  are  also  encountered  more  complex  types  of  oscillations; 
there  is  revealed  nonsimilarity  of  type,  nonrepetition  of  figures, 
there  are  encountered  continuously  following  pulsations  (curve  W) , 
caused  by  resonance  phenomena,  proceeding  both  in.  the  chamber  and  in 
units  of  the  feed  system.  Sometimes  pulsations  appear  a  total  of 
one  time  during  the  entire  period  of  engine  testing.  If  the  amplitude 
of  oscillations  is  relatively  small  (3),  then  the  previous  mode  is 
again  established.  Too  powerful  pulsations,  caused  by  resonance  M, 
lead  to  engine  failure. 

Low-frequency  oscillations  are  of  several  types.  Along  with 
the  oscillations,  which  appear  as  a  result  of  connection  of  the 
chamber  with  hydraulic  circuits,  there  are  observed  pressure 
fluctuations,  caused  only  by  intrachamber  processes.  The  character 
of  the  fluctuations  depends  on  the  sensitivity  of  combustion  delay 
to  pressure,  inertness  of  hydraulic  circuits,  the  change  of  component 
ratio  with  time,  the  absolute  value  of  pressure  in  the  chamber  and 
on  other  factors. 
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-Let  us  examine  the  oscillations,  which  appear  as  a  result  of 
the  presence  of  connection  between  the  chamber  and  the  feed,  system. 
Let  us  take  the  simplest  case  of  connection  of  the  chamber  with  the 
feed  system,  when  the  component  ratio  is  constant  and  the  combustion 
delay  is  equal  to  zero.  Under  the  effect  of  a  randomly  appearing 
external  influence  the  pressure  in  the  chamber  was-  increased  from 
nominal  value  pQ  to  a  certain  new  value  (Pig.  3«*0.  Since  in 
this  case  the  flow  rate  of  gases  from  the  nozzle,  characterized  by 
line  1  will  be  greater  than  the  Inflow  of  propellant  into  the 
chamber,  determined  by  curve  2,  pressure  in  the  chamber  begins  to 
decrease . 


Pig.  3-*i.  Diagram  of  the  appearance 
of  oscillations,  caused  by  the 
connection  between  parameters  of  the 
chamber  and  the  feed  system. 
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After  the  influence  of  a  disturbing  factor  the  change  of 
pressure  in  the  chamber  with  time  can  be  exponential  or  oscillatory. 
If  the  factors,  damping  the  system,  are  rather  intensive,  then  motion 
will  be  aperiodic  with  exponential  change  of  parameters,  otherwise 
oscillations  will  appear.  Inasmuch  as  the  moving  .liquid  and 
combustion  products  are  inertial,  in  the  course  of  lowering  of 
pressure  the  point  a,  which  corresponds  to  steady  state,  will  be 
"gone,"  and  pressure  is  decreased  to  a  certain  value  p^  (curve  I). 

Now  the  Inflow  of  propellant  will  be  greater  than  the  flow  rate 
of  gases.  This  will  load  to  a  new  increase  of  pressure.  Thus, 
low-frequency  damped  oscillations  will  be  observed  In  the  system. 
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In  actuality  the  propellant  burns  with  delay;  Let  us  consider 
the  moment  when  pressure  in  the  chamber  was  decreased  to  quantity  p^. 

The  inflow  of  propellant  into  the  chamber  is  now  greater  by 
quantity  A ^  than  nominal,  determined  by  point  a.  The  new,  additional 
portion  of  propellant  burns  up  not  at  the  moment,  which  corresponds 
to  pressure  p^,  but  with  delay.  The  system  will  receive  additional 
excitation,  leading  to  increase  of  the  amplitude  (curve  li)  in 
comparison  with  what  it  would  be  in  the  case  of  damped  oscillations. 
Upon  achievement  of  pressure,  close  to  p^,  the  inflow  of  propellant 
into  the  chamber  will  be  less  than  nominal.  However,  with  considera¬ 
tion  of  delay  the  effect,  which  from  combustion  is  obtained 
understated  by  approximately  AG^  of  the  quantity  of  propellant , 
appears  with  delay  already  when  the  pressure  will  be  less  than  p^, 
this  will  facilitate  maintaining  the  onset  oscillations.  If  the 
deviations  of  flow  rates  Ad1  and  A are  not  equal  to  each  other, 
then  the  character  of  pressure  rise  in  the  oscillatory  process  will 
be  distinguished  from  the  character  of  lowering  of  pressure. 

It  is  known  that  the  period  of  delay  is  decreased  with  increase 
of  pressure.  This  connection  affects  the  character  of  oscillations. 
Ultimately,  under  the  effect  of  all  the  examined  factors  for  the 
time  of  each  oscillation,  period  the  inflow  of  mass  into  the  chamber 
proves  to  be  equal  to  the  flow  rate  of  mass  just  as  the  inflow  of 
energy  is  equal  to  its  flow  rate,  due  to  which  the  amplitude  of 
low-frequency  oscillations  during  operation  of  the  engine  is  kept 
constant . 

Low-frequency  oscillations  can  proceed  even  without  the  presence 
of  disturbing  and  damping  factors  on  the  part  of  the  feed  system. 

Let  us  assume  that  the  feed  system  supplies  components  to  the 
combustion  chamber  uniformly  and  with  constant  ratio  between  them. 
However,  in  the  presence  of  intrachamber  oscillations  the  disturbances 
are  partially  transferred  into  the  hydraulic  circuit.  They  are 
revealed  in  the  flow  area  of  injectors,  sometimes  .in  the  Jujvctor 
assembly,  before  the  injector  inlet.  The  intrachamber  instability 
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^  appears  as  a  result  of  periodically  repeating  additional  feedings 
‘  of  the  chamber,  caused  by  the  action  of  pressure  on  the  amount 
of  delay. 

Let  us  assume  that  the  chamber  operates  at  constant  pressure  <p0, 
which  some  constant  value  of  delay  corresponds  to.  Consequently,,  in 
the  chamber  there  is  a  constant  quantity  of  liquid  propellant,  which, 
is  prepared  for  combustion.  With  increase  of  pressure  period  r  is 
decreased,  which  leads  to  decrease  of  the  amount  of  liquid  propellant 
which  is  in  the  chamber  and,  consequently,  to  increase  of  the 
inflow  of  gaseous  products.  As  before,  the  transition  of  liquid 
phase  into  gaseous  proceeds  with  delay.  With  decrease  of  pressure 
the  reverse  phenomenon  is  observed  —growth  of  t  ,  increase  of  the 
amount  of  liquid  phase. 

In  the  previous  cases  the  additional  feeding  of  the  chamber 
by  propellant  occurred  under  the  action  of  mass  forces  of  moving 
liquid  and  as  a  result  of  the  effect  of  pressure  on  delay.  Intra- 
chamber  instability  is  explained  only  by  the  one  last  factor. 
Therefore,  the  power  of  intrachamber  oscillations  is  distinguished 
from  the  power  of  oscillations  caused  by  the  connection  of  the 
chamber  with  hydraulic  circuits  of  the  feed  system. 

In  the  forming  of  low-frequency  oscillations  the  whole  mass 
of  gases,  located  in  the  chamber  takes  part.  During  research  we 
consider  that  the  gas  parameters  do  not  change  along  coordinates  of 
the  chamber.  With  such  an  assumption  for  the  study  of  low-frequency 
oscillations  there  are  attracted  differential  equations,  considering 
the  changes  of  parameters  only  with  time.  In  actuality,  the  gas 
velocity  and  pressure  are  changed  along  the  length,  and  the 
cross  section  of  the  chamber,  and  in  the  region  of  location  of 
injectors  even  countercurrents  are  observed.  Preparation  of 
propellant  for  combustion  and  propellant  combustion  proceed  so  that 
the  intensity  of  gas  formation  is  changed  with  time  and  is  different 
at  various  points  of  the  chamber  volume.  Combustion  products, 
forming  at  various  places  of  the  chamber,  intersect  the  nozzle 
throat  only  through  a  certain  time  interval.  From  the  moment  of 
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the  beginning  of  burning  of  a  certain  portion  of  propellant  to  the 
moment  of  detection  of  the  greatest  pressure  increase  a  certain  time 
passes..  The  moment  of  the  beginning  of  burning  does  not  coincide 
with  the  moment  of  discharge  of  those  gases,  which  are  formed  during 
combustion  of  the  portions  of  propellant,  being  additionally  fed 
to  the  chamber  in  the  oscillatory  process .  The  indicated  displacements 
are  considered  by  the  Introduction  of  time  of  delay  of  intrachamber 
processes  in  comparison  with  the  moment  of  propellant  combustion. 
Besides  this,  as  a  result  of  the  deformation  of  manifolds  and  the 
compressibility  of  liquid  there  is  observed  a  shift  of  the  moment 
of  injection  with  time. 

The  presence  of  the  examined  factors  indicates  the  need  for 
research  of  low-frequency  oscillations  with  the  aid  of  equations, 
considering  the  change  of  parameters  along  the  length  of  the  chamber. 

The  behavior  of  the  component  ratio  of  propellant  in  time 
has  a  definite  effect  on  the  character  of  oscillations. 

With  throttling  of  the  engine,  i.e.,  with  lowering  of  the 
pressure  in  the  chamber,  there  is  observed  a  so-called  threshold 
of  stability,  which  is  manifested  in  the  fact  that  with  lowering  of 
pressure  in  the  chamber  at  a  certain  moment  of  time  there  occurs 
a  rather  rapid  and  sharp  increase  of  the  amplitude  of  oscillations. 

The  appearance  of  the  threshold  of  stability  is  facilitated  by  at 
least  two  factors.  With  engine  throttling  there  occurs  decrease  of 
the  hydraulic  losses  on  injectors  as  a  result  of  decrease  of  the 
flow  rate  of  propellant  components.  If  even  period  t  =  0,  then, 
as  will  be  shown  further,  the  exponential  character  of  pressure 
attenuation,  which  increased  under  the  action  of  an  external 
disturbance,  becomes  periodic.  With  decrease  of  hydraulic  losses 
the  quality  of  atomization  is  Impaired  and,  consequently,  the 
value  of  combustion  delay  is  increased.  Thus,  increase  of  x  and 
decrease  of  the  stability  of  engine  operation  on  the  whole  lead  to 
the  abrupt  increase  of  the  amplitude  of  engine  oscillations. 
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In  order  to  give  an  .initial  idea  of  low-frequency  instability, 
let  us  examine  a  simplified  method  of  its  calculation.  Let  flow 
rate 


G^h'VHPi-pjQ*. 


(3.1) 


In  the  examination  of  the  vicinity  of  steady  state,  it  can  be 
considered  that  the  feed  pressure  of  propellant  p ^  Is  little 
changed;  let  us  take  =  const.  For  small  deviations  instead  of 
expression  (3-1)  let  us  write  the  linear  approximation;  if  pF  l/om=const, 
then  with  consideration  of  delay 


*a-t  =aC  t 

O'o  °  Api  * 


(3.2) 


where  relative  change  of  pressure 


A  Pi 


_ O  Pi  ~  AQ  ■  A„  _ 

— "  „  •  “As  _  ' 

A  o  A  o 


(3.3) 


Here  --  nominal  pressure  in  the  chamber. 

The  equation  of  the  chamber  is  now  written  so: 

~  ~  (AA)_< 

5  a  A- f  A  a - . 

•‘A 


(3.^0 


Let  us  examine  the  solution  of  (3.*0  in  the  following  form 


A/V--*Coxp(X/). 


(3.5) 


By  substituting  the  solution  of  (3.5)  in  equation  (3-i|)>  we  arrive 
at  characteristic  equation 


s>,  -4- 1  •(-  -sr—  exp  ( — X/) = 0. 
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(3.6) 
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The  value  of  the  roots  of  the  characteristic  equation  depends  oh 
e,  t  and  A p, .  If  the  real  part  of  the  roots  of  equation  (3-6)  is 

S  X  ‘v 

-negative,  then  amplitude  A^  will  be  decreased  'with  time. 


The  equality  of  the  imaginary  part  of  roots  to  zero  corresponds 
to  the  stability  limit.  Therefore,  to  get  the  equation  of  the 
stability,  limit  it  is  necessary  to  substitute  X  *  iu  in  equation 
(3.6).  Replacing  t  by  x  and  assuming  then 

exp  ( —  /or,) = cos  Rot,)  —/sin  (»t,),  (3-D 


we  arrive  at  equation 


A pt  4-  cos  (or,)  4-  /](£A/>im — sin  (dr,)] — 0. 


After  conversions  of  equation  (3.8)  we  obtain 


-l 


arctg  (tut)  —  k.i 


Vi  +(<01)2 


(3.8) 


(3.9) 


When  conducting  research  in  the  first  approximation  Instead 

of  an  infinite  sequence  of  whole  and  positive  numbers  we  take  k  -  l . 

Further  for  the  considered  chamber  we  find  e  and,  by  changing  to  from 

0  to  ”,  we  construct  the  relationship  of  x  to  A p. ;  the  line  obtained 

on  the  graph  is  the  stability  limit.  The  area,  which  corresponds 

to  large  values  of  x  ,  refers  to  unstable  operation,  and  the  area 

s 

of  large  values  of  Ap^  characterizes  stable  operation  of  the  engine. 
Therefore,  by  knowing  x  ,  according  to  the  graph  we  determine  the 

S  % 

smallest  permissible  value  of  A p^  then  by  equation  (3-3)  we  find 
the  difference  of  P^_Pkq5  providing  steady  operation  of  the  engine. 

Fundamental  research  of  low-frequency  instability  Is  discussed 
in  a  number  of  works  (see,  for  example,  [^8]). 
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3.2.  High-Frequency  Oscillations 
in  the  Starting  Period 

Theoretical  and  experimental  research  allowed  partially  I 

presenting  a  qualitative  picture  of  the  onset  of  high-frequency 
oscillations  during,  starting  [62],  [77],  Sometimes  they  are 
manifested  immediately,  in  the  starting  period  of  the  chamber,  but 
there  are  cases  when  the  high-frequency,  is  developed  as  if  with 
delay,  in  the  first  quarter  of  a  second  of  engine  operation  (Fig. 

3.5).  The  impression  is  created  that  the  engine  normally  started 
and  that  hf  appears  already  at  operating  conditions. 

f 


Fig.  3.5*  The  development  of  high- 
frequency  oscillation  during  engine 
starting. 


'The  study  of  oscillograms  shows  that  hf  is  generated  apparently 
in  the  starting  period  of  the  engine,  moreover  sometimes  high- 
frequency  oscillations  precede  .Low-frequency  (Fig.  3.6).  The 
amplitude  of  the  generated  low-frequency  oscillations  is  kept 
constant.  However,  there  are  cases  of  sharp  increase  of  the 
amplitude,,  terminating  in  failure  of  the  combustion  chamber  (Fig. 
3.7). 
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The  overall  picture  of  emergence  of  hf  during  starting  can  be 
represented  as  the  development  of  randomly  formed  and  rather 
rapidly  amplified  disturbance,  which  is  accompanied  by  a  change  In 
the  state. 
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Fig.  3.6.  The  appearance  of  high-frequency 
oscillations  after  the  appearance  of  low- 
frequency:  T  —  expected  values;  2  -  actual 
-values . 


Fig.  3*7.  High-frequency  oscillations, 
which  lead  to  failure  of  the  chamber. 


The  hf  appears  in  the  presence  of  a  shock  wave  -  sharp  abrupt 
increase  of  pressure,  which  is  accompanied  by  compression,  heating 
and  by  change  of  the  velocity  o'f  motion  of  burning  flow.  The 
possibility  of  the  appearance  of  knocking  is  not  excluded  ~  the 
explosive  propagation  of  chemical  transformations,  which  are 
accompanied  by  heat  liberation. 

The  shock  wave,  which  appeared  and  was  reflected  from  chamber 
'walls  or  the  nozzle,  in  transit  through  the  burning  zone  is 
Intensified,  if  its  intensity  is  higher  than  a  certain  level.  The 
intensification  of  the  wave  process  also  depends  on  the  time  the 
wave  is  located  in  the  burning  zone. 

Longitudinal  and  transverse  waves  are  observed,  moreover  the 
longitudinal  shock  wave  can  excite  transverse  waves,  inasmuch  as 
with  passage  of  longitudinal  wave  through  burning  zone  there  can  be 
formed  waves,  which  are  propagated- in  all  directions  [lfj"J. 
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The  generalization  of  calculation  and  experimental  data 
allows  determining  some  conditions,  which  facilitate  the  emergence 
of  hf  during  starting. 


It  was  revealed  that  the  probability  of  emergence  of  hf  is 
increased  with  increase  of  thrust  and  pressure  in,  the  combustion 
chamber.  This  is  apparently  explained  by  the  fact  that  with  increase 
of  the  combustion  chamber  volume  and  the  pressure  in  it  the  power 
of  the  shock  wave  is  increased.  With  a  number  of  simplifying 
assumptions  it  is  obtained  that  for  a  cylindrical  chamber  the 
average  length  of  the  chain  [1*3] 


V: 


(3.10) 


and  for  a  spherical  chamber 


v- 

20^/f;  (3.11) 


where  l  -  the  average  .length  of  the  path;  q  -  probability  factor. 


Thus,  a  spherical  chamber  should  operate  more  stably  than 
cylindrical.  It  is  established  that  other  conditions  being  equal 
the  engines  with  a  pressurized  system  are  steadier  than  engines  with 
a  [TNA]  (THA)  turbopump  assembly.  It  is  possible  that  here  during 
starting  there  is  an  effect  of  sharp  lowering  of  pressure  in  the 
manifolds,  which  connect  the  tanks  with  pumps-;  in  this  case  cavitation 
appears  in  the  pumps,  and  vaporous  products  penetrate  the  combustion 
chamber. 


It  is  established  that  upon  the  introduction  of  a  small  portion 
of  gaseous  oxygen  into  the  chamber,  which  operates  in  steady  state, 
hf  sometimes  appears  [67].  Here,  apparently,  active  centers  are 
developed  -  atomic  oxygen  or  radical  OH.  As  a  result  a  chain 
reaction  appears,  the  rate  of  -which 
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y=t/0v[,-«p(-X)]. 

where  v  —  average  length  of' the  chain;  t ^  —  the  lifetime  of  active 
center.. 

In  the  kinetics  of  chain  reactions  catalysts  and  the  initiating 
action  of  surfaces  play  a  large  role.  Chain  reactions  are  very 
sensitive  to  the  smallest  quantities  of  catalysts,  which  can 
accelerate  or  impede  the  process.  By  experiments  it  is  established 
that  with  small  additions  of  certain  products  —  antiknock  agents 
to  the  propellant,  the  stability  of  engine  operation  is  sharply 
increased.  The  active  center,  which  was  initiated  in  the  region  of 
the  Injector  assembly,  can  be  moved  to  the  main  volume  of  the  chamber. 
For  decrease  of  the  probability  of  the  initiation  of  chain  reactions 
we  recommend  before  starting  to  cover  the  surface  of  the  chamber 
with  a  thin  layer  of  the  appropriate  substance,  which  burns  up  or 
is  removed  from  the  chamber  after  starting. 

The  sequence  of  ignition  and  the  amount  of  advance  of  feed  of 
components  have  a  large  effect  on  the  probability  of  appearance  of 
hf.  The  closer  the  initial  component  ratio  to  stoichiometric,  the 
greater  the  quantity  of  heat  that  is  liberated  at  the  initial  moment, 
and  the  more  favorable  are  the  conditions  for  initiation  of  a 
shock  wave.  On  the  other  hand,  depending  on  the  starting  conditions 
there  can  be  such  a  combination  of  parameters  of  the  chamber,  at 
which  excitation  of  the  system  is  very  prpbable.  It  is  also  revealed 
that  with  advance  of  fuel  feed  the  high-frequency  appears  more 
frequently  than  with  advance  of  oxidizer  feed. 

For  anergolic  propellants  the  power  of  the  ignition  source 
has  a.  substantial  effect,  with  increase  of  which  the  probability 
of  the  appearance  of  hf  is  increased. 
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Preliminary  supercooling  of  components  leads  to  smoother 
starting. 

Depending  or.  the  starting  conditions ,  the  layout  of  the 
propulsion  system  and  the  parameters  of  its  units  there  is  developed 
a  certain  character  of  pressure  buildup  in  the  chamber  during 
firing.  The  appearance  of  hf  facilitates  the  appearance  of  regions 
of  sharp  changes  of  pressure  on  curve  p  (t).  In  certain  cases  they 
are  manifested  in  the  form  of  a  serrated  discontinuity,  so  for  a 
very  short  time  interval  the  sign  of  derivative  p  changes  two 
times  (Fig.  3.8).  Such  a  character  of  change  of  pressure  to  a 
certain  degree  depends  on  the  total  amount  of  propellant,, 
accumulated  in  the  chamber  at  the  moment  of  starting,  on  the  starting 
conditions  and  on  parameters  of  the  feed  system.  After  serrated 
discontinuity  sometimes,  to  be  sure  with  small  probability, 
somewhat  low-frequency  pulses  appear,  changing  into  high-frequency. 


Fig.  3.8.  An  example 
of  the  change  of  pres¬ 
sure  in  a  chamber  dur¬ 
ing  starting. 


It  is  noticed  that  the  appearance  of  hf  is  facilitated  by  high 
values  of  product  k\  . 
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There  were  observed  cases  of  appearance  of  hf  above  permissible 
with  failure  during  actuation  of  the  generator  and  of  combustion 
chamber . 

The  intensity  of  shock  waves  in  the  region  of  the  injector 
assembly  is  decreased  with  increase  of  the  frequency  of  oscillations, 
i.e.,  with  increase  of  the  frequency  of  their  affect  on  the  burning 
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During  research  of  the  engine  there  is  revealed  a  field  of 
values  p  and  fe, ,  where  the  appearance  of  hf  is  most  probable. 
Rational  methods  of  decrease  of  the  probability  of  appearance  of 
hf  are  bypass  of  the  zones  of  instability  in  coordinates  Pk*i  during 
starting  or  the  accelerated  passage  of  these  zones.  Depending  on 
the  relationship  of  parameters  k\ (t),  jf t(t)  and  /»«{<)  it  is  possible  to 
accomplish  accident-free  starting  or,  on  the  contrary,  to  excite  hf. 

Inasmuch-  as  the  intensification  of  shock  wave  occurs  in  the 
burning  zone,  then  one  of  the  effective  methods  of  lowering  the 
probability  of  appearance  of  hf  or  the  amplitude  of  oscillations 
is  the  distribution  energy,  released  during  burning  along  the  length, 
of  the  chamber,  i.e.,  extension  of  the  burning  front  or  the  organiza¬ 
tion  of  several  fronts. 
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For  decrease  of  the  intensity  of  reflection  of  acoustic  waves 
the  chamber  wall  is  made  "elastic."  This  is  attained  by  the  installa¬ 
tion  of  acoustic  dampers.  In  one  of  the  training  engines  as  a 
damper  there  was  used  an  additional  interior  wall  with  openings.  If 
it  is  required  to  eliminate  hf  during  starting,  then  it  is  possible 
to  apply  dampers,  which  burn  out  or  are  ejected  after  starting. 

In  well  used  engines  the  acoustic  oscillations  are  hunting,  moreover 
the  amplitudes  and  frequencies  of  oscillations  are  barely  changed 
during  the  entire  period  of  operation  of  the  engine.  Nevertheless 
we  find  cases  when  in  separate  (rare)  specimens  of  the  same  batch 
of  engines  developing  acoustic  oscillations  are  observed. 

Acoustic  oscillations  represent  a  system  of  random  waves  and 
are  caused  by  compression  of  medium. 

In  the  presence  of  acoustic  oscillations  the  velocity  of  motion 
of  the  medium  can  be  as  low  as  desired  in  comparison  with  the  speed 
of  propagation  of  acoustic  waves,  equal  to  the  speed  of  propagation 
of  sound.  In  the  region  of  the  nozzle  throat  during  calculation 
of  w ave  processes  it  is  necessary  to  reckon  with  the  speed  of  motion 
of  combustion  products.  An  acoustic  wave  does  not  move  a  material 
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medium,  but  only  swings  it  around-  constant  or  slowly  changing 
values  of  parameters  in  cruise  conditions  or  around  values  of 
parameters  which  are  changed  specifiably  and-  rather  rapidly  during 
engine  starting  and  during  shutdown.  Acoustic  oscillations  are 
characterized  by  discrete  distribution  of  energies  of  pulsations 
with  respect  to  frequencies.  In  the  gas  flow  there  is  a  basic 
frequency  of  acoustic  oscillations,  which  depends  on  the  chamber 
geometry.  Besides  this,  there  is  observed  a  number  of  other.,  weaker 
expressed  harmonics,  multiple  or  almost  multiple  of  the  basic. 


During  the  study  of  acoustic  oscillations  it  is  necessary 
to  consider  the  effect  of'  inlet  gas  ducts  and  the  nozzle;  for 
this  a  model  of  the  complex  is  created  -  a  conditional  combustion 
chamber.  The  oscillation  period  of  gas  in  such  a  chamber  (pipe) 
is  equal  to  the  time  of  run  of  the  wave  along  the  gas  flow  and  back. 
In  the  simplest  case  the  oscillation  period 


o 


where  C  -  local  speed  of  sound;  «  --  the  velocity  of  motion  of  gas; 

~  characteristic  dimension.  The  frequency  of  the  first  harmonic 


If  acoustic  oscillations  are  not  caused  by  external  disturbing 
influences  and  ore  hunting,  then  supply  and  loss  of  acoustic  energy 
are  equal  to  each  other.  The  supply  of  energy  is  caused  by 
intensification  of  propellant  burning  at  the  moment  of  intersection 
of  the  burning  zone  by  an  acoustic  wave.  Loss  of  energy  is 
determined  mainly  by  conditions  of  the  passage  of  the  wave  in  a  gas 
medium.  The  interaction  between  the  burning  zone  and  acoustic, 
wave  Is  determined  by  conditions  of  reflection  of  tiie  wave  from  walls 
In  contemporary-  chambers  the  transverse  (radial)  oscillations 
pi’oceed  wl  th  Incomicensurably  greater  activity  than  longitudinal 
oscillations . 
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During  the  measurement  of  engine  parameters  with  the  aid  of 
fast-response  instruments ,  besides  acoustic  oscillations  there  are 
revealed  turbulent  fluctuations,  which  represent  chaotic  tur'ruler.t 
motion  of  the  medium.  The  vortex  scale  is  relatively  small.  The 
motion  of  the  medium  is  characterized  by  the  speed  of  rotation  of 
vortices  and  by  their  <movemer.t  along  the  chamber  volume;  the  latter 
depends  on  the  coefficient  of  turbulent  diffusion. 

Turbulent  fluctuations  are  caused  by  the  existence,  mainly.,  of 
fluidity  of  liquid  and  are  little  connected  with  its  compressibility; 
in  any  case,  the  theory  of  turbulence  is  based  on  the  condition  of 
incompressibility  of  liquid.  For  turbulent  fluctuations  the 
continuous  distribution  of  energy  of  fluctuation  with  respect  to 
frequencies  is  characteristic.  However,  the  compressibility  of 
liquid  affects  the  character  of  the  turbulent  field  and  therefore 
turbulence  generates  acoustic  oscillations. 

For  the  determination  of  turbulent  fluctuations  we  frequently 
use  the  mean-square  value  of  fluctuations 

\'W- 

Because  of  turbulent  and  acoustic  fluctuations  the  burning 
conditions  acquire  a  vibratory  character  with  notieable  periodicity 
of  change  of  the  parameters  of  burning  flow.  Many  works  are  devoted 
to  the  study  of  vibratory  burning,  the  works  of  B.  V.  Raushenbakh 
[75]  occupy  an  important  place  in  these  investigations. 

3.3.  Wave  Equation 

For  now  we  are  not  able  to  solve  the  complete  system  of 
equations,  which  describe  intrachamber  processes,  even  with  utiliza¬ 
tion  of  contemporary  computer  technology.  It  is  necessary  to  bo 
limited  to  the  examination  of  simplified  problems.  One  of  thorn 
is  the  problem  of  research  of  the  character  of  ocer.rre*  ■  *  • 

wave  processes. 
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Let  us  examine  the  derivation  of  a  wave  equation  for  the 
case  when  a  chamber  is  filled  with  gas.  This  equation  is  solved 
relative  to  the  flow  velocity,  velocity  and  density  potential  or 
sonic  pressure.  The  velocity  potential  is.  introduced  so-  that  the 
following  relationships  occur  [50]:. 
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element  of 
amplitudes^ 
be  disregaj 


d*  ‘ 


(3.13) 


Let  us  give  the  derivation  of  wave  equation,  using  the  Cartesiar 
coordinate  system. 

Let  us  use  three  equations  of  motion,  the  equation  of  state  and 
the  equation  of  continuity.  The  equations  of  motion  not  allowing 
for  the  action  of  external  forces  and  viscous  friction  forces  are 
written  sc: 
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During  the  study  of  small  deviations  of  parameters  from  their 
nominal  values  we  replace  e  by  constant  quantity  cor-const.  The  total 
derivatives  contain  local  accelerations  and  transfer  accelerations, 
in  other  words 


(3.15) 
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Local  acceleration  is  created  with  field  of  parameters  variable  ; 

in  time,  and  transfer  acceleration  is  caused  by  the  fact  that  the 
element  of  gas  during  time  dt  changes  its  attitude.  For  small 
amplitudes  the  transfer  acceleration  in  comparison  with  local  can  <, 

be  disregarded,  and  then  the  equation  of  motion  assumes  the  form 

o.  (3.16) 

ot.  ox 

We  use  the  equation  of  state  in  such  a  form: 

* 

fc— C*.  (3.17) 

o  6 

where  C  —  the  speed  of  sound. 

The  equation  of  continuity  has  the  form 

1  \ 

-Lie+diviF=0.  (3.18) 

eo  dt 

By  replacing  the  pressure  in  three  equations  of  motion  by 
density  from  the  equation  of  state,  we  arrive  at  system: 


dt 

dW„ 


dx 

dQ  . 


■fC* 

dt  '  dy 


=  0; 


^¥+cf=°> 


de_ 

dt 


+e0clivW'=O. 


(3.19) 


For  further  transformations  we  use  operators:  for  the  first 
equation  operator  d/dx,  for  the  second  -  d/dy,  for  the  third  -  d/dz 
and  for  the  fourth  -  <5/5/. 
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Now  we  obtain  system: 
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r  dtdy 
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(3.20) 


By  adding  term  by  term  the  first  three  equation  and  with  the 
aid  of  the  fourth  by  excluding  expression 
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we  arrive  at  the  wave  equation  for  density: 


(3.21) 


where  operator 


—  — — v^=0, 

Ci  dii 


v^+iL-L  *L 

dxV  dy'-dzl' 


(3-22) 


(3.23) 


In  a  cylindrical  coordinate  system  the  equation  for  density, 
takes  the  form 


1  ^0 _ _ 1_  do _ 1_  dip  n 

C 2  OP,  dxi  (  dri  ,  r  jdr  r2  dfi  *  i 


,(3.2^,) 


Analogically  there  is  written  an  equation  for  sound  pressure,’in 
this  base  in  equation  ( 3.2 H)  the  density  should  be  expressed  through 
pressure. 
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With  the  presence  of  external  mass  (volumetric)  forces  (j.  +  g.) 
and  with  supply  of  gas-  into  the  element  due  to  vaporization  of 
liquid  the  basic  equations  with  the  assumption  that 

5,-0; 

-X- *0, 


will  take  the  form 


e°S'X+£=0o(/‘-r+^): 


(3.25) 


After  conversions,  analogous  to  those  performed  above,  by  using 
the  equation  of  state  in  the  form  [8-4-3 

/>— const  (3;  26) 

and  using  replacements 
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(3.27) 


we  obtain  a  wave  equation  in  the  form 

(3.28) 

In  the  right  side  of  sonic  equation  (3.28)  there  is  considered 
the  supply  of  mass  -r~i ft  and  the  effect  of  external  volumetric  forces 


Qodiv(/+g), 


Vg^y>‘T,gg^^^"*y?egjSgyiw^P?^^ 
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3.  1) .,  High-Frequency  Oscillations  at 
Operating  Conditions 

A  peculiarity  of  calculation  is  the  fact  that  the  amplitude 
of  oscillations  is  small  in  comparison  with  nominal  values  of 
appropriate  parameters.  Therefore,  calculation  can  be  performed 
in  small  deviations-,  i.e.,  linearisation  of  equations  is  possible. 
We  will  consider  that  disturbances  are  propagated  with  the  speed 
of  sound,  constant  along  the  whole  volume  of  the  chamber.  Let  us 
examine  the  area  of  the  chamber  after  the  burning  zone,"  for  which 
the  equation  of  the  law  of  conservation  of  mass  and  the  equation  of 
motion  will  be  written  so:. 


~-f-(liv  ((>U7)---0; 
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dt  Oy  oy 
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■dt  ‘  ^  dz  -  Vdz 


(3.29) 


In  expanded 
written  so: 


form  the  first  equation  of  the  system  will  be 


or 


dt 


:  0, 


(3.30), 


rd<f  1  3f  r 


=  0. 


(3.3D 


Let  us  introduce  small  deviations  so  that  along  axis  x  the  total 
velocity  will  be  determined  by  the  sum  of  main  velocity  .W^o.  and 
disturbance  6\^A..  Along  other  axes  there  will  be  considered  only 
disturbances  iWr  and  fiW'y,  since  flows  here  are  absent.  Thus 
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V^=W,r 

C=Co+*C. 


(3.32) 


With  substitution  of  equalities  (3.32)  in  equation  (3.31)  some 
terms,  containing  the  product  of  small  deviations,  are  excluded. 
Ultimately  we  arrive  at  system 


|:*+c.£w,+r,.i*+8si&. 


“  S'  *lf'' +"•  57  +57*'"  0; 

*•5" w,  +*  m,\ v„. +J-i >j,_  0; 


Let  us  introduce  dimensionless  parameters 


(3.33) 
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.where  L  -  characteristic  dimension  of  the  chamber.  Since  Kach  number 


M  — 


the  system  of  equations  will  be  written  so  [17]: 


dt^dx’  T  Ox’  T  dr1  T  r’  T  /•'<?? 
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(3-35) 
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Having  added  term  by  term  the  last  three  equations  and  .performed 
replacement  with  the  aid  of  equation  (3.40),.  we  find 
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Let  us  replace  the  first  three  terms-,  using  equation  (3.41). 
Then,  with  the  aid  of  equation  (3.37)  after  conversions  we  finally 
find 
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To  investigate  only  axial  or  only  radial  oscillations  we  use 
equations 


ay 

dfl 


(ftp'  __  d>Q'  |  1  dp' 

dP  ~  d  (/■'  )2  ‘  r"  dr' 


which  have  been  considered  by  other  authors  [48].  Equation  (3.46) 
does  not  consider  the  supply  of  energy  and  the  supply  of  mass  into 
the  burning  flow.  If  it  is  necessary  to  take  into  account  the  supply 
of  mass  and  energy,  then  with  derivation  of  equation  (3.46)  one 
should  take  into  account  the  considerations,  analogous  to  those 
discussed  during  derivation  of  equation  (3.28).  Inasmuch  as  (3.46) 
is  written  in  linearized  form,  then  it  can  be  used  for  the  study 
aive  processes,  proceeding  in  the  vicinity  of  steady  state. 

Let  us  examine  the  solution  of  equation  (3.46),  being  guided 
by  harmonic  oscillations  in  the  chamber.  Let  us  take 
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Q'=Aa(xf,  r\  <p)exp(r'wV)  =.40exp{iV/), 


(3.47) 


where  AB  —  some  function  of  density,  depending  on  space  coordinates; 
let  us  take  also 


exp  { /<»'/)'=  cos  eft+i  sin  io’t. 


(3.48) 


It  is  obvious  that 


(3.49) 

since  exp(/wV)  does  not  depend  on  a?'.  Derivative 

— = — m'AQ  exp  (/»'/),  (3.50) 

dt 

since  /14  does  not  depend  on  t. 


Mow  let  us  write  equation  (3-46)  relative  to  function  /le, 
using  expression  (3.47): 


<Ul0  ,  _ I _  <y‘AQ 

Or’  (r')1  d(f’p 


=0. 


(3-51) 


By  using  the  Fourier  method,  let  us  substitute  the  sought 
function  by  the  product  of  three  functions,  each  of  which  depends 
only  on  one  space  coordinate  [84]: 


71*  (.v\  r\  <f)—X  ( x ')  R  (r')  <t>  (?).  (3.52) 


Each  new  function  has  a  derivative,  nonzero  only  when  the  derivative 
is  taken  during  the  space  coordinate,  on  which  the  function  depends. 
Thus,  by  substituting  equality  (3.52)  in  equation  (3.51),  after 
conversions  we  obtain 
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(3-53) 


The  left  side  depends  only  on  x-' ,  and  the  right  —  only  on  r  ’ 
and  <J>,  Consequently-,  for  providing  equality  between  them,  each 
should  be  equal  to  the  same  parameter,  which  we  designate  r? ,  and 
at  assigned  values  of  terms  of  equation  (3.53)  -  to  the  same  number. 
The  conversion,  which  was  finished  by  the  obtaining  of  equation 
(3.53),  eliminated  the  need  to  use  partial  derivatives,  which 
considerably  simplifies  calculation.  Now  equation  (3.53)  is 
decomposed  into  two : 
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Let  us  rewrite  equation  (3. 55)  so: 
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(3.56) 


Now  we  can  equate  both  sides  of  equation  (3*56)  to  the  same  number, 
2 

for  example  m  ,  inasmuch  as  its  left  side  depends  on  r  ' ,  and  the 
right  only  on,  i.e., 


R  d(r')i  1  R  dr'  v  ' 


_L£±_m- 

df 2 


(3.57) 


(3.58) 


Thus,  for  each  of  the  three  functions  separate  equations  are 
obtained:  (3.54),  (3.57)  and  (3.58).  Constants  n  and  m  are  determined 
from  boundary  conditions. 
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Equation  (3.51*)  is  homogeneous  with  constant  factors.  Its 
solution  has  the  form 


-¥(j,')--=C1exp(— i  ^ 

+ C,  exp  ((  VVi!^?,[^-p'l,>  - BL.  Jj ; 


(3.59) 


where  C ^  and  C 2  -  .integration  constants. 


The  solution  of  equation  (3*57)  has  the  form 


R(r')=BIm(nr')+DNm{nr'), 


(3.60) 


and  equation  (3.58) 


d>(q;)  —E\  exp(— ittUf)  +£2exp(/mip), 


(3.61) 


where  B}  D  and  E  —  integration  constants;  tm(nr')  —  Bessel  function; 
Nm(nr')  —  Neumann  function. 

fiy  multiplying  the  right  parts  of  solutions  (3-59),  (3.60)  and 
(3.61),  we  obtain  A\(x',  B,^). 

Analogous  conversions  can  he  used  for  determination  of  components 

w’x,  W'r, 


3.5.  Investigation  of  Intrachamber  Process 
by  the  Method  'of  Small  Deviations 

The  solution  of  a  total  system  of  equations  in  partial 
derivatives,  obtained  in  the  second  chapter,  with  the  contemporary 
state  of  methods  of  mathematical  analysis  presents  considerable 
difficulties.  It  is  necessary  to  simplify  equations,  to  apn]y 
approximate  methods  of  solution,  one  of  which  is  the  method  of 
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small  deviations.  Let  us  assume  that  as  a  result  of  integration  of 
differential  equation  in  partial  derivatives  with  assigned  -boundary 
conditions  a  continuous  solution  is  obtained.  If  so,  then  around* 
any  fixed  value  of  coordinates  it  is  possible  to  trace  the  effect 
of  small  deviation  of  one  parameter  (or  ;a  series  of  parameters) 
to  any  other  parameter. 


In  the  beginning  let  us  examine  an  equation  of  continuity  ,1n 
the  form 


(3.62) 


Here  any  parameters  and  derivatives  can  obtain^  small  deviations, 
there fore 


(3.63) 


where  A  means  small  deviation,  and  #  indicates  that  the  given 
parameter  (or  parameters)  is  calculated  for  the  selected  fixed 
value  of  coordinates. 


Let  us  assume  that  in  section  at.  moment  of  time  there 

dWr 

occurred  change  of  derivative  dWJdx  to  quantity  A  ~  .  It  is 
necessary  to  determine  how  derivative  dqldt  will  change,  if  all  the 
remaining  parameters  and  their  derivatives  remained  constant. 
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By  using  equation  (3.63),  we  immediately  we  find 


(3.64) 
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'For  one-dimensional  unsteady  flow  let  us  write  the  system, 
which  includes  the  equation  of  -the  law  of  conservation  of  mass, 
equations  of  motion  of  gas  and  liquid  phases,  equations  of  energy 
and-  equation  of  state.  While  not  allowing  for  forces  of  viscous 
;friction  for  condition  c**const  we  will  have 
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Let  us  examine  the  process,  proceeding  along  axis  x  with  fixation 
of  the  moment  of  time,  or  the  process,  proceeding  with  time,  but  at 
fixed  value  of  x.  During  solution  of  the-  last  problem  all  partial 
derivatives  during  x  are  equated  to  zero.  The  system  of  equations 
will  take  the  form: 
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During  derivation  of  equations  heat  'exchange  was  not  considered1 
and  we  accepted  <y.=const  and  c*= const.  ! 


As  the  sought  unknowns  let  us  take,  the  following  small 
deviations,  which  for  simplicity  of  writing  we  designate  so': 


*69—  *69-* ‘(sH' 
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We  will  consider  the  disturbing  factors  deviations 
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A  (ix+gx)  and  Ac. 
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Under  conditions  of  our  problem  the  remaining  parameters  should 
not  receive  any  deviations  from  their  nominal  values.  ,  , 


By  performing  linearization  o’f  equations  (3.70),  (3.71),  (3.72), 
(3.73)  and  (3.74)  and  converting  to  small  finite  deviations,  we 
obtain  system:.-  ; 
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where  constant1  coefficients  ’ 


.By  substj 


X*)t  ^?4~r  — ) »  a^j=£  —  1; 

i  '  a«=—[o(I—X)cpl.;' 

««iT=-fc*(i-r/.)ua;  i  ' 

•  <*«  “  -  (e*-/.C).;  flh  =  -  (W).; 

'  ,  .  aa=U  «S3=— (Q/?).-  ‘  , 


Disturbances  .-are  determined  by  formulas 
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Mark  *  as  before  means  that  the  numerical  values  ofi  .parameters , 
enclosed,  in  brackets,  are  calculated  foip  accepted  values  of  .and 
tg.  During  computation'  of  disturbances  V ^  is  assigned  by  small 
deviations  of  only  those  quantities ,  ’ the  effect  of  which  is  being 
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where  D  *-  principal'  determinant;'/).  -  .complementary  determinant. 
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,By  substituting  the  values  of  aik,  we  find 

£>=  (l— x)*fc(t—  x)cv+qR]*- 


(3.85) 


In  the  region,  where  vaporization  of  liquid  components  .was  finished, 
and  also  when- using  gaseous  propellant  x  =  0*  In  this  case 
principal  determinant 


.Z)  =  Q*(Cp  +  )?)*. 

Let  us  write,  for  example,  complementary  determinant 


(3.86) 
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By  substituting  7.,  from  formula  (3-78),  we  obtain 

u. 

De=(ar).G* 1(1  Ac-  ( 3  • 88) 

Now  according  to  the  first  equation  (3.83)  we  find  solution 

1  \dt  1  (!--•/). 


AO. 


(3.89) 
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In  the  zone  of  vaporization  preparation  x  =  const  and  dyjdt-Q\ 
therefore,  here  the  change  of  density  will  not  affect  derivative 

Oaldt.  Past  burning  zone  x  *  0  and  ^=0.  Consequently,,  here  the 

change  of  density  does  not  lead  to  deviation  of  derivative 
Thus,,  according  to  formula  (3.89)  the  change  of  gas  density  leads 
to  change  of  derivative  dq/dt  only  in  the  vaporization  zone  of 
liquid  propellant,  where  dfjdt  is  nonzero. 

3.6;  Engine  Shutdown1* 

During  organization  of  the  shutdown  process  it  is  necessary, 
for  the  designer  to  solve  a  number  of  complex  and  various  problems, 
which  include  the  following: 

-  decrease  or  elimination  of  hydraulic  shock  in  lines; 

-  decrease  of  acceleration  of  rocket  flight  at  the  moment  of 
transmission  of  the  command  for  cessation  of  propellant  feed  into 
the  combustion  chamber; 

-  decrease  of  propellant  residue  in  tanks  toward  the  end  of 
engine  operation; 

-  providing  precision,  and  speed  of  engine  cutoff; 

~  decrease  of  the  aftereffect  pulse; 

--  decrease  of  scattering  of  the  aftereffect  pulse. 

The  general  solution  to  the  problem  of  hydraulic  shock  was 
given  by  N.  Ye.  Zhukovskiy  in  1898  in  his  classic  work  "Hydraulic 
Shock  in  Water  Pipes"  [31]. 
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By  using  the  theorem  about  the  change  of  momentum  and  the 
principle  of  conservation  of  mass  for  one-dimensional  elementary 
tube  of  flow,  disregarding  the  effect  of  inertia  of  walls  of  the 
pipeline,  friction  forces  of  liquid  and  the  flow  velocity  of  liquid 
by  comparison  with  the  speed  of  propagation  of  disturbance,  we  have- 
two  differential  equations,  connecting  the-  change  of  pressure 
along  the  length:  of  the  line  with  time: 

dU  . 

,dt  o*  dx' 
c  oU_  J_  <]£_ 
d-x  IQm  ft 

where  &  —  the  rate  of  propagation  of  shock  wave;  V  -  the  velocity 
of  motion  of  liquid. 

For  a  thin-walled,  round  and  uniform  tube,  i.e.,  for  a  case 
having  practically  the  most  important  value,  the  quantity  of  the 
rate  of  propagation  of  shock  wave  is  computed'  by  using  formula 


(3.90) 

(3.91) 


(3.92) 


where  £w__  modulus  of  elasticity  of  liquid;  £ct—  modulus  of  elasticity 
of  wall  material;  6CX—  wall  -thickness. 

On  the  average  for  the  remaining  lines  during  flow  of  water 
through  them  the  magnitude  of  velocity  C  is  of  order  1000  m/s. 

By  analysing  the  solutions  of  equations  (3.90)  and  (3.91), 
obtained  in  the  form 


P-£o=O.C[?(.v-C/)-S-i(^+a)];  (3.  -3) 

IJ—U0—  -f(*-a)+t(*+<ty  (3.9;0 
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for  the  case  of  instantaneous  closing,  of  cutoff  valve  and  for  the 
ease  of  propagation  of  direct  wave  against  the  flow  of  liquid,  we 
have  relationship 


trarism 
the  co 


p—pa—QniCUo- 


(3.95) 


The  hydraulic  shock,  with  which  the  increase  of  head  is 
determined  by  expression  (3.95),  is>  called  direct  shock,  and  the 
given  formula  bears  the  name  Zhukovskiy  formula.  In  the  case  of 
slow  closing  of  cutoff  valve,  when  the  reflected  wave  manages  to 
penetrate  the  considered  section  of  the  line,,  pressure  of  hydraulic 
shock  will  be  considerably  less.  In  this  instance  for  a  direct  wave 
the  solution  of  equations  of  hydraulic  shock  has  the  form 
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P—P»=q*C(Uo—U). 


(3-96) 


As  can  be  seen  from  equations  (3.95.)  and  (3-96),  the  magnitude 
of  hydraulic  shock  depends  on  the  initial  flow  velocity  of  components, 
the  speed  of  propagation  of  disturbances,  the  density  .of  liquid  and 
the  value  of  velocity,  up  to  which  the  initial  velocity  manages  to 
drop  during  the  time  of  arrival  to  the  given  point  of  the  reflected 
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The  tensile  stress  in  a  thin-walled  tube  from  internal  pressure 

(3.97)  • 

''cr 

With  increase  of  engine  thrust  the  radius  of  the  line  is 
Increased,  inasmuch  as  with  increase  of  thrust  the  flow  rate  of 
propellant  increases,  and  the  velocity  of  motion  of  liquid  practically 
remains  constant.  Accordingly  to  equality  (3.97)  with  increase  of 
the  radius  of  the  line  the  amount  of  stress  in  the  wall  of  the  line 
will  increase,  therefore,  with  increase  of  thrust  the  wall  thickness 
of  the  line  should  be  increased,  which,  however,  will  lead  to 
increase  of  weight,  or  direct  shock  should  be  eliminated,  carrying 
out  slow  closing  of  cutoff  valve. 
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Decrease  of  acceleration  of  rocket  flight  at  the  moment  of 
transmission  of  the  command  for  cessation  of  propellant  feed  into 
the  combustion  chamber  is  attained  in  various  ways. 

If  the  rocket  is  equipped  with  steering  engines,  then  it  is 
expedient  to  shut  down  the  main  engine  with  the  steering  engines 
operating.  In  certain  cases  thrust  under  shutdown  conditions  is 
created  due  to  escape  .of  turbogas  from  the  generator  through 
deflecting  or  steering  nozzles.  In.  this  case  the  turbine  is  cutoff, 
and  turbogas  in  the  required  quantity  is  fed  directly  to  the  nozzles , 
If  there  are  no  steering  engines  and  steering  (or  deflecting) 
nozzles,  then  thrust  under,  shutdown  conditions  can  be  created  with 
the  aid  of  an  additional  small  ZhRD  or  [RDTT]  (PUTT)  solid-propellant 
rocket  engine. 

When  the  features  of  the  main  power  plant  permit,  small  thrust 
can  be  obtained  with  stepped  shutdown  of  the  main  engine.  With 
such  shutdown  it  sometimes  proves  to  be  expedient  to  change  the 
component  ratio.  After  shutdown  in  tanks  there  proves  to  be  a 
certain  quantity  of  components.  For  its  decrease  one  should1  apply 
a  [SOB]  (COB)  tank  emptying  system. 

The  precision  of  shutdown  is  determined  by  the  design,  by  the 
degree  of  development  and  by  operating  conditions  of  shutdown 
controls  -  principal  or  cutoff  valves,  and  also  by  the  level  of 
production  technology.  The  rate  of  shutdown  depends  on  inertness 
and  the  amount  of  movement  of  moving  parts,  on  the  force,  which 
actuates  the  moving  parts  of  valves,  and  on  forces,  which  prevent 
their  movement. 

During  engine  shutdown  in  its  gas  and  liquid  cavities  past  the 
cutoff  valves  remains  a  certain  quantity  of  components. 

Usually  the  engine  is  shut  down  at  high  altitudes  with  low 
pressure  of  the  environment,  which  provides  almost  comp lei e 
subsequent  escape  of  propellant  available  in  engine  cavities. 
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With  escape  of  the  propellant  components  reacting  together 
to  the  engine,  and  consequently,  and  to  the  entire  rocket  on  the 
whole  an  additional  thrust  pulse  will  be  imparted,  called  the 
aftereffect  thrust  pulse.  The  time,  during  which  decrease  of 
thrust  occurs  after  shutdown,  is  called  the  aftereffect  period. 

The  aftereffect  thrust  pulse  [ITPD]  (HTflA)  of  the  engine  is 
a -statistical!  quantity  and  depends  on  many  both  internal  and  external 
parameters  for  the  engine.  As  any  statistical  quantity  the  ITPD 
is  characterized  -by  a  mean  value  (mathematical  expectation)  and  its 
scattering. 

Since  the  ITPD  is  the  additional  thrust  pulse.,  being  imparted 
to  the  "rocket  after  feed  of  the  command  for  cessation  of  engine 
operation,  then  it  is  very  important  to  decrease  the  value  of 
ITPD  and  its  scattering  as  much  as  possible.  However,  this 
requires  special  structural  equipment  and  a  specific  cyclogram  of 
engine  operation,  which  often- leads  to  decrease  of  the  reliability 
of  operation  of  the  rocket  device  on  the  whole. 

Thus,  for  instance,  simultaneous  rapid  actuation  of  the  cutoff 
valves  in  the  fuel  and  oxidizer  Lines  allows  decreasing  the  number 
of  commands  for  shutdown  and  at  the  same  time  allows  decreasing  the 
quantity  of  some  component,  getting  into  the  combustion  chamber, 
i.e.,  in  other  words  to  decrease  the  ITPD. 

On  the  other  hand,  this  leads  to  the  appearance  of  hydraulic 
shocks  in  the  lines  of  the  engine  and  rocket  because  of  the  sharp 
braking  of  components,  and  because  of  sharp  decrease  of  engine 
thrust  -  to  large  overloads  in  all  systems  of  the  rocket  on  the 
whole . 

Knowledge  of  the  value  of  mean  quantity  of  ITPD  and  its 
scattering  allows  introducing  correction  earlier  to  the  operation 
of  rocket  systems.  In  this  case  there  is  used  an  expression  for 
ITPD  in  the  form  of 


i.e. , 


where 


4 


press 

effec 

(3.9? 

is  ca 
chamb 
a~6). 

Of  CO 

momen 
begin 
shutd 
to  se 


167 


*  ,  ** 


(3.98) 


and  its 


'.parted 

;ine 

>f 

•am  of 
ibility 


e  cutoff 
number 
sing  the 
:nber, 


raulic 

sharp 

ine 

the 


s 

eration 
n  for 


'■-H 

Inasmuch  as  engine  shutdown  occurs  at  rather  high  altitudes, 
i.e.,  when  then 


/,=*  (  Ki.„Fu;p,dt, 

where  /(T.n~  thrust  coefficient  [15]  when  a,rsO: 


(3.99) 


Below  are  examined  some  cases  of  calculation  of  change  of 
pressure  in  the  combustion  chamber  pH  with  respect  to  time  of  after 
effect,  which  is  the  basic  calculated  quantity,  since  in  expression 
(3.99)  the  product  of  WV  is  a  practically  quantity. 

The  character  of  decrease  of  pressure  in  the  combustion  chamber 
is  caused  by  escape  of  combustion  products,  which  are  in  the 
chamber  at  the  moment  of  feed  of  shutdown  command  (Fig.  3-9,  section 
a— 6),  by  escape  of  gaseous  products,  which  are  formed  as  a  result 
of  combustion  of  ]iquid  propellant,  which  is  in  the  chamber  at  the 
moment  of  shutdown  and  additionally  enters  the  chamber  after  the 
beginning  of  closing  of  cutoff  valves  (section  6—e).  With  stepped 
shutdown  the  character  of  the  curve  on  the  second  stage  corresponds 
to  section  6— a. 
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In  this  instance  the  solution  of  the-  system  of  equations  will 
be  expressed  through  function 


l  F^R\rT^  \  \ 

A, =/>«<>  - - - tj. 


(3.106) 
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Inasmuch  as  the  quantity  of  aftereffect  pulse  is  relatively 
small >  frequently  for  its  computation  we  use  equation  of  chamber 
in  the  following  form: 


tPi+P*  -  —•  [(Gi)-tJt-r(G2Uj--=0. 

r  Kn 


(3.107) 


(3.100) 

(3.101) 

(3.102) 


d  energy 


(3.103) 
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Depending  on  the  magnitude  of  component  ratio  ( t )  certain 
regularity  $(t)  is  established,  and'  the  change  of  pressure  in  time 
taking  into  consideration  the  variable  value  of  component  ratio 
allows  determining  e(£). 

With  closing  of  main  valves  in  the  case  of  utilization  of  liquid 
components  the  injection  of  components  into  the  chamber  can  take 
place  both  because  of  movement  of  working  elements  and  as  a  result 
of  deformation  of  lines  or  other  elements  of  the  hydraulic  system. 
Time  and  the  character  of  feed  of  components  in  time  depends  on  the 
design  of  the  engine  and  its  operating  conditions.  The  total 
quantity  of  component,  entering  the  chamber  after  supply  of  shutdown 
command , 


J  G,(0<//+|  G)(/)rf/  J, 


(3.108) 


process 


where  -  the  time  of  feed,  caused  by  movement  of  the  working 
elements  of  a  valve;  fcg  “  the  time  of  feed,  caused  by  deformation 
of  structural  elements;  G,(/),  G{'(t)  ~  functions,  which  characterize 
flow  rates. 


(3.105) 
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Due  to  combustion  .of  propellant,  which  is  in  the  chamber  in 
liquid  state,  gaseous  products  are  formed  in  the  quantity 

*V=J-  (3.109) 

'if  ’x2  V 

where  two  and  r,f~  periods  of  delay,  which  correspond  to  initial 
and  final  pressure. 

Let  us  examine  a  case ,  when  from  the  feed  system  after  the 
command  for  closing  of  the  valve  the  propellant  is  not  fed.  Let 
us  assume  that 


(3.110) 


where  xQ  -  delay,  which  corresponds  to  pK  *  1  and  is  determined 
experimentally. 


The  equation  of  ‘the  chamber  will  be  written  so: 


-PxPl-\- ToGifl,- 0. 


r»p 


(3.H1) 


After  separation  of  variables  and  integration 

“  Pm  r kp  J  pi 

"kO  "kP  •“ 


the  solution  has  the  form 


(3.112) 


(3.113) 


With  the  absence  of  additional  input  of  propellant  residue  into 
the  chamber  the  equation  of  the  chamber  will  be  written  so: 


‘Pk  +  Z’k  —  ^’ 
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If  we  consider  that  $  and  RT  do  :not  practically  depend  on  pressure, 
then  for  the  period  of  decrease  of  pressure  ih  the  chamber  it  is,  1 
possible  to  consider  e  =»  const.  In  this  case  for  construction  of 
graph  pK>(t)  we  will  have  ,  , 


P*~Pu o2»p(--|-)*  '  (3.  Ilf.) 

.  i  ,  . 

where  pHg  4  pressure  in  the  chamber  up  to  the  start1  of  engine 
^shutdown. 


As  a  result  of  the  nonuniformity  of  processes  .observed,  after 
engine  shutdown,  the  aftereffect  pulse  is  characterized,  not  only 
by  integral  quantity  (3.98),  but  by  scattering  A/n. 
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CHAPTER  IV 


TANK  PRESSURIZING  SYSTEM 

4.1.  Equation  of  the  Law  of 
Conservation  of  Energy  -for 
a  Pressurized . System 

During  calculation  and  research  of  the  change  with  time  of 
parameters  of  a  tank  pressurizing  system,  consisting  of  pressure 
accumulator  and  a  tank,  the  equations  of  laws  of  conservation 
of  energy  and  mass  are  included.  The  equation  of  law  of  conservation 
of  energy  can,  be  derived  in  general  form,  and  it  will  be  suitable  for 
the  study  of  the  process  of  displacement  of  liquid  from  a  tank  with 
the  aid  of  any  type  of  accumulator. 

For  the  system,  shown  in  Fig.  4.1,  the  law  of  conservation  of 
energy  is  written  so: 


Q-U+JL, 


(4.1) 


where  Q  -  the  quantity  of  heat,  supplied  to  the  working  medium  (gas) 
of  the  system  in  a  unit  of  time;  U  -  the  internal  energy  of  working 
medium;  L  -  the  work,  being  performed  by  gas. 


The  gas, 
accumulator,  is 


entering  the  upper  cavity  of  the  tank  from  the 
expanded.  If  the  liquid  is  motionless,  then  the  gas 
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does  not  perform  any  work.  If  displacement  of  liquid  from  the  tank 
occurs,  then  the  work,  being  performed  by  gas  in  the -process  of 
expansion  (the  operation  of  expansion),  will  be  spent  on  overcoming 
the  forces  of  resistance  at  the  tank  exit  and  on  increase  of  the  kinetic 
energy  of  outflowing  liquid. 


Pig.  '4.1.  Diagram  of 
tank  pressurizing 
system. 


If  in  the  internal  cavity  of  the  accumulator  as  a  result  of 
propellant  combustion  and  thermal  processes  in  gas  mixtures  there  is 
liberated  heat  and  heat  exchange  with  the  surrounding  medium  is 
characterized  by  quantities  Q&  for  the  accumulator  and  Q6  for  the 
tank*  then 

Q=Qo+Q«+Qb-  (4.2) 


If  necessary  there  is  considered  the  heat  of  chemical  reactions  Qa, 
appearing  on  the  surface  of  liquid,  heat  being  consumed  on  preheating 
and  vaporization  of  liquid  Q heat  of  dissolution  of  gas  in  liquid 

V 

The  internal  energy  of  gas  is  determined  by  the  sum 
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(4.3) 

For  gas,  contained  in  the  accumulator,, 

lii=Y,cvJ>.  (4.4) 


In  precise  calculations  we  take  ov  /  const,  in  this  case  we  find 


0.=cVtJL(rj\)+rtrt  -£-<v.= 


(4.5) 


where  §  -  coefficient,  considering  the  effect  of  change  of  specific 
heat;  The  total  mass  of  gas,  which  escaped  from  the  accumulator 


GJi, 


where  CQ  -  the  flow  rate  of  gas  from  the  accumulator. 

a  4 

Let  us  note  that  in  the  right  side  of  equation  (4.5)  under  the 
differential  sign  there  is  found  the  product  of  IT,  inasmuch  as  in 
the  process  of  operation  of  the  system  both  the  quantity  of  gas  in 
the  accumulator  and  the  gas  temperature  change  with  time . 


For  the  gas,  .located  in  the  tank,  we  will  have 


at 


The  total  mass  of  gas  at  any  moment  of  time 


r< -r«+j 


■(4.6) 


(4.7) 


where  -  the  initial  quantity  of  gas  in  the  tank;  G ^  -  the 
diffusion  flow  of  gas  per  second  into  liquid;  -  the  inflow  per 
second  of  vaporizing  liquid  into  the  upper  cavity  of  the  tank. 
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By  applying  the  equation  of  state,  we  obtain 


0=  {Vjpt  +  *./».)+  CVt(VtP<,  f-  Vf>P>)  + 

4"  p>y  ^  v*~^~  p<y  «^6]  . 


(4.8) 


The  derivative  of  work  of  expansion  of  gas  in  the  tank  will 
be  expressed  so: 


■L=p6$6.  (<i,9) 

Let  us  recall  that 

.  <4.10) 

The  equation  of  the  law  of  conservation  of  energy  can  now 
be  written  so  [67]: 


%*-(yjt+Pl?j+vj,t+knyt = 

eK« 

— —  (Qo+A+M-py,  i*-~p6v6-'^- .  (4‘ 

<V6  <H'6  «(.'« 

In  the  examination  of  current  moments  of  time  to  get  more  precise 
results  it  is  necessary  to  take  into  account  the  kinetic  energy  of 
gases.  The /kinetic  energy  of  gas,  contained  in  the  accumulator. 


\ <  4  • 12  > 

0 

where  F„(x)  -  the  current  value  of  accumulator  cross-sectional: 
a  ■ 

W  (x)  -  the  current  value  of  gas  velocity  in  the  accumulator. 

cl 

Analogically  we  write  the  equation  for  gas,  which  fills  the 

tank'. 


*6 


\  cf*wnp«(x)j*rfjc. 

0 


(4.13) 
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(4.8) 
will 

(4.9) 

’  (4.10) 

now 

{4.11) 

else 
gy  of 
or, 

(4.12) 

i; 

s  the 

(4.13) 


Quantities  E&  and  should  be  subtracted  from  the  right  side  of 
equation  (4.11). 


If  the  change  of  temperature  in  a  system  is  small,  then  when 
performing  engineering  calculations  it  is  possible  to  accept  oya  = 
0,  which  considerably  simplifies  the  calculation  by  formula 


=  a 


V6 


(4.11). 


The  equation  of  energy  can.  be  expressed  through  the  flow 
rate  of  liquid  (component). 

Free  volume  in  the  tank 


(4.14) 


where  V^0  -  initial  free  volume;  -  density  of  liquid;,  G -  mass 
flow  rate  of  liquid . 


It  Is  obvious  that 

The  equation  of  energy  takes  the  following  form: 


(4.15) 


t 

*(vj.-\-Py>)+v«>p*+p*  -f-  \  G^l+k  ~~ /»«== 

C*  •>  vm 

0 


•— ?  0«). 

Cyt 

(4.165 

where 
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'5-1  CvtD  Cvt  ; 

~~  Q 

CV6 

(4.17) 

s  _  Cyt 

(4.18) 
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4.2.  .The  .-Equation  of  Energy  for  a 
Gas  Accumulator 

Taking  into  account  that  in  a  system  with  gas  accumulator  the 
heat  flows  are  directed:  from  the  surrounding  medium  into  the  system, 
we  obtain 

/ 

*v.p.+vKpt+k-r[  — (0.+08).  (i».19). 

,6*  •'  (!m  eV6  '  ' " 

.  ■  "  0 

•In  certain  cases  it  is  convenient  to  write  equation  (4.19) 
with  the  use  of  politropic  index  hi 


t 

&j'+VKpt±p6-l-  \  GJt+n^p6= 0. 

6s  J  6s 


moreover  the  politropic  index 


n—k—%  ■ 


R- 

cvt 


-jit 

G*Pt 


Qm- 


(4.20) 


( 4 .21') 


It  i3  obvious  that  Q  and  Q*  can  vary  with  time.  In  engineering 
calculations  we  are  frequently  guided  by  some  mean  value  of  politropic 
Index  for  the  process. 


If  heat  exchange  is  absent,  then 

Q.=Q«=0  (4.22) 


but  on] 


should 


As  is  1 


or 


guided 


and,  as  a  consequence, 


$t»Qa*=0. 


(4.23) 


In  this  instance 


«=*  4-  M.  (Js.  V'  Vt-^- )  . 

G*  \  Pi  fV6  eV6  / 


(4.24) 
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'  (4.20) 

(4.21) 
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olitropic 

(4 . 22 ) 

(4.23) , 

(4.24) 


1 


Condition  (4.24)  will  be  valid  in  the  presence  of  heat  exchange,  j 
but  only  if 


<?*+Q6«6. 


(4.25) 


Equation  (4.25)  shows  that  total  heat  flow  into  the  system 
should  not  vary  with  time. 

With  an  isothermal  process,  when  n  =1, 


5— 1. 

CV6  GmP6 


(4.26) 


As  is  known. 


*-l  =■= 


tv* 


Therefore,  in  an  isothermal  process 


(4.27) 


^  Pt> 

Qm 


(4.28) 


or 


(4.2 9) 


Let  us  determine  the  required  voluke  of  accumulator.  Being 
guided  by  expression  (4.29),  let  us  write  the  initial  expression  so: 


+ v*P*+k~  A— ~  ($.+<&)  - 

9*  tys 

-(py.^+py*-^)- 

V  tvs  tvs  J 


(4.30) 


'V6 


Let  us  examine  a  case  when  pQ  ■  const.  Having  assumed  a 
*  0,  we  find 


ka 


V,p, - kJz*-p6.\ — 

e*  tv , 


($.+&). 


(4.31) 
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By  integrating,  we  obtain 


moreover 

(4.35) 


(4.36) 

Thus,  for  decrease  of  the  volume  of  accumulator  one  should  not 
equip  the  accumulator  and  tank  with  heat  insuiation.  It  is  necessary 
to  raise  the  Initial  pressure  in  the  accumulator  and  decrease  final 
pressure  p&.  It  is  obvious  that  pa  will  always  be  larger  than  p^. 

For  approach  of  quantity  p&  or  p6  one  should  apply  reducers,  which 
operate  in  subcritical  conditions.  It  is  expedient  to  use  a  system 
for  feeding  gas  into-  the  tank,  consisting  of  a  valve,  controlled  with 
the  aid  of  a  pressure  relay. 

The  politropic  index  in  equation  (4.34)  is  frequently  determined 
experimentally.  In  the  process  of  displacement  of  liquid  index  n  in 
the  beginning,  when  t  *  0,  is  equal  to  the  adiabatic  index.  Then  it 
is  rather  rapidly  and  sharply  decreased,  whereupon  it  begins  to  in¬ 
crease,  asymptotically  approaching  (according  to  data  of  theoretical 
calculations)  the  value  of  isothermal  index,  equal  ta.  one. 
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4 . 3  •  The,  Equation  of  Energy  for 
Cartridge  Accumulator  ~ 


(4.32) 


According  to  expression  (4.16),  considering  G =  const,  we 


(4.33) 


(4.34) 


* (V,P*+ PV*)+VtK+  p6=i Qt) , 

Qm  tvt 


(4.37) 


Here  Q&  and  Q6  have  a  minus  sign,  inasmuch  as  heat  flows  Q  and 
in  the  considered  case  are  directed  from  the  system  into  the 
surrounding  medium. 

The  elementary  quantity  of  heat,  which  was  liberated  per  second 
during  combustion  of  grain,  will  be  equal  to 


(4.35) 


(4.38) 


where  -  the  combustion  temperature;  Yn  -  the  mass  of  grain,  more- 


(4.36) 

ould  not 
ecessary 
final 

P<5  * 
which 

system 
Lied  with 


'  t 

<P(0 dl=Q„  j 


(4.39) 


where  -  the  density  of  grain;  u  -  the  rate  of  burning. 


For  cylindrical  grain  with  diameter  D ,  height  l 
cigarette  burning 


const) 

4 


=  D  during 


(4.40) 


determined 
ex  n  in 
Then  it 
to  in- 


For  the  rate  of  burning  let  us  take  law 


(4.41) 


metical 


«=ir0+a/>j. 


Now  instead' of  expressions  (4.39)  and  (.4.42)  we  will  have 

K=QM0(tt*+a/,l)>  (4.44) 

Let  us  examine  expression 

Taking  into  account  that  the  force  of  powder,  i.e.,  the 
efficiency  of  powder  gases  [81] 


f-KTu 

instead  of  expression  (4.45)  we  find 


(4.46) 


(4.47) 


or 

Qo  “  */<£„?  (0  («o + flPl)  •  (4.48) 

where  fQ  -  the  given  powder  force j  k  -  adiabatic  index. 

The  law  of  the  burning  rate  depends  on  the  quality  of  solid 
propellant,  the  burning  conditions  and  other  factors.  Therefore, 
Expression  (4.42)  cannot  be  used  in  all  cases.  When  performing 
calculations  the  law  of  burning  rate  is  selected  with  consideration 
of  a  particular  situation,  being  guided  by  results  of  special  research. 

Equation  (4.38)  can  be  written  thus: 

0,-cpr.Kn.  (4.49) 
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Then  instead  of  expression  (4.45)  we  obtain 


(4.43) 

(.4.44) 

(4.45) 


(’4.46); 


(4.47) 


(4.48) 
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(4.49) 
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Taking  into  account  that 


/?7Wo 


we  obtain,  as  in.  equation  (4.47):, 


—  Qo-W- 

Cy 


(4.50) 


(4.51) 


(4.52) 


The  equation  of  energy  takes  the  following  form: 


6  ( VtPt  4*  P»V ») + V  tPt + == 

=5  [*/*.?«)  (u0+ap;)  -  (Q.+0e)] . 


The  given  powder  force  fQ  is  a  constant  reference  quantity, 
whereas  quantity  RT  can  vary  with  time.  Therefore,  after  the  intro- 

CL 

duction  of  the  value  of  powder  force  into  calculation  the  equation 
takes  a  quasi-static  character. 

If  p6  *  const,  then  expression  (4.53)  will'  be  written  so: 


P*dV(=WVn, 


(4.54) 


where  coefficient  n  considers  heat  losses  and  the  change  of 
accumulator  parameters : 


*1=1- 


~ — (<)«  +  0«)  +  “T  (P»V») 

cy _ t  at 

*/0^n 


(4.55) 


Integration  of  expression  (4.54)  is  possible  if  relationship 
n(G,.,  y •••)»  is  known,  or  if  n  is  assigned  according  to  results 

V  I*  cl 
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of  processing  the  experimental  data  or  is  calculated  and  its  mean 
value  taken.  In  the  last  case 


(4.56) 

r  0 

Heat  losses  can  be  considerable  and  then  coefficient  n  proves 
to  be  substantially  less  than  one.  As  a- result  of,  heat  losses 
being  variable  With  time  the  pressure  in  the  tank  will  be  variable. 

In  order  to  provide  p6  =  const,  the  decrease  of  pressure  due  to 
lowering  of  gas  temperature  should  be  compensated  by  additional  feed 
of  gas  from  the  accumulator  into  the  tank.  For  this  purpose  we 
apply  profiled  restricted  grains.  Sometimes  the  tank  is  additionally 
equipped  .with  a  regulator. 

4.4..  The  Equation  of  Energy  for  a  Hot 
(Liquid-Propellant)  Accumulator 

If  we  accept  p„  =  0,  «  0,  then  the  equation  of  energy,  hot 

cl  cl 

allowing  for  delay  of  burning,  will  be  written  so: 


Q«~0«y.  (4.57) 


The  quantity  of  liberated  heat 

<?„= j  {G^G2)cpTtdt,  (4.58) 

where  and  G ^  -  the-mass  flow  rates  per  second  of  the  components, 
which  feed:  the  generator. 

If  <J.  *  const,  *  const,  then  a  T-„  *  const, 
l  c  p  a 

With  constant  pressure  in  the  tank,  considering  that  heat 
flow  is  directed  from  the  system  into  the  surrounding  medium,  we  will- 
have 
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(4.-58) 

lponents , 


t  heat 

am,  we  will 
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j.  (4.59) 

After  conversions  under  the  condition  that  y.  »  const,  we 

obtain 


Pt=nt°i±°2.#rt, 


(4.60) 


where  the  coefficient,  considering  heat  losses. 


<?«  +  Qg\ 

V«<g!  +  °2>J  \  / 


(4.61) 


Coefficient  is  the  thermal  efficiency,  inasmuch  as  it  is 
the  ratio  of  usefully  utilized  heat 

(i=0o~dt-0«  (4.62) 

to  the  total  quantity  of  heat,  which  was  liberated  in  a  hot  accumulator, 

Qo=(G,+Gj)c/„  (4.63) 

moreover 

’>/=?(<).  (4.64) 

When  designing  feed  systems  with  a  hot  accumulator  constant  pressure 
in  the  tank  is  provided  due  to  change  of  flow  rates  of  components, 
which  feed  the  generator. 

4.5.  The  Equation  of  Law  of  Conservation  of  Mass 
for  Tank  Pressurizing  System 

The  law  of  conservation  of  mass  for  accumulators  not  allowj nr 
for  ignition  delay  is  written  thus: 
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y-y«+T„  (*♦.  65) 

where  Y  -  the  mass  of  propellant,  which  entered  the  accumulator  at 
moment  of  time  t;  Y„  -  the  mass  of  products,  which  escaped  at  the 
same  moment  of  time;  Ya  -  the  mass  of  products,  which  were  accumulated 

cl 

in  the  accumulator. 

The  equation  of  the  law  of  conservation  of  mass  for  a,  £ank 
can  be  written  so: 


(4.66) 


where  Y  ^  -  the  mass  of  gas  in  the  tank  at  moment  of  time  t. 

Prom  expressions  (4.65)  and  (4.66)  follows  the  equation  of  law 
of  conservation  of  mass  for  the  entire  pressurized  system: 


v=n+y«. 


(4.67) 


Let  us  return  to  equation  (4/65).  For  further  conversions 
we  use  the  equation  of  state  and  we  find 


(4.68) 


The  total  mass  of  escaped  gases 


/ 


(,4.69) 


consequent ly , 


i>  __  F*ta 


(4.70) 


where,  as  before, 
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(**.65) 
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(4.66) 


n  of  law 

(4.67) 

ions 


(4.68) 


(4.69) 


(4.70) 


(4.71) 


The  derivative  from  total  flow  rate 


t=*Gt+Gt. 


(4.72) 


,By  substituting  the  obtained  values  >of  derivatives  into 
expression  (4.65),  we  find 


(G,+Cj) — 

vs 


w  f.v.  7T«" 


tf.r,  #,r. 


(4.73) 


By  using  equation  (4.66)  and  the  equation  of  state  cf  gas, 
contained  in  the  tank,  we  find 


\  Gdt—^~— . 


(4.74) 


If  the  flew  rate  of  liquid  from  the  tank  varies  with  time, 


then 


V6-V<q-\ — —  \  Gxd(, 

Qx  J 


(4.75) 


where  K60  -  initial  free  volume  in  the  tank;  G x  -  the  mass  flow  rate 
of  liquid  per  second  from  the  tank;  px  -  liquid  density. 

Consequently, 


i 

f  Gdt 


^oo+ -L-  \ 
Bm  •' 
0 


(4.76) 
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:Equation  (4.76)  establishes  the  connection  between  the  inflow 
of  gas  to  the  tank  and  the  flow  rate  of  liquid  from  the  tank. 

4.6.  The  Equation,  of  Mass>  for  Gas  Accumulator 

■Let  us  use  expression  (4.73).  During  operation  of  an  engine 
the  accumulator  is  not  filled  with  gas,  and  therefore  C1  +  C2  =  0. 
The  volume  of  accumulator  V  =  const,  therefore,  when  R -  ~  const 

3.  cL 


(4.77) 


If  the  process  of  overflow  of  gas  is  considered  poly tropic. 


then 


T»  nPt  \PrtJ 


(4.78) 


and  instead  of  equation  (4.77)  we  can  write 


After  transformations 


F.;aVK;r,=-^j± 


in-\ 


(4.79) 


where 


Z -~n 


R npa  V RnO^aO 

__ 

v.pjn 


(4.80) 

(4.81) 


Having  separated  the  variables  and  integrated,  we  find 


t—2V. 


,  Hr)";1 

(fl— l)f | y  RffyT ,r. 


(4.82) 
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Equation  (4.82)  allows  constructing  a  curve  of  the  change  of 
pressure  in  accumulator  with  tirae.:  Further,  from  equation  (4.79)  it 
is  possible  to  find  the  change  of  temperature  T  with  time,  and  from 
expression  (4.70)  in  the  case  of  supercritical  outflow  -  the  relation¬ 
ship  between  flow  rate  of  gas  and  the  time  of  outflow.  For  performing 

such  a  calculation  there  are  necessary  graphs  of  functions  F _ (t)  and 

icp 

n(t),  which  are  obtained  by  calculation  or  by  processing  experimental 
data. 


4.7.  The  Equation  of  Mass  for  Cartridge  Accumulator 
Let  us  use  equation  (4.73).  Taking  into  account  that  [81] 


fo~/?.7V,Tn-G.+G* 


we  obtain 


f<y*-F*i*VfoP^P,V>+-~rVtpt. 


(4.83) 


!f  Pa  =  V&  -  0,  then 

y  -  f, 

'n  —  Pf 

V7o 

After  transformations  and  integrations  we  find 

V  _  F*r°  _  . 

'-'77, PJ- 

where  t  -  the  burning  time  of  grain. 


(4.84) 


(4.85) 


■  Calculation  of  the  accumulator  can  be  performed  in  the  follow¬ 
ing  sequence.  By  formula  (4.56)  determine  the  required  weight  of 
charge.  By  knowing  the  law  of  burning  according  to  formula  (4.42), 
by  using  equality  (4.4l),  we  find 


(4.86) 
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By  equation  (4.86)  determine  the  diameter  of  grain,  while 
knowing  the  displacement  time  of  liquid 


where  <7  —  the  flow  rate  of  liquid  from  the  tank. 

XL 

During  calculation  by,  formulas  (4.86)  and  (4.87)  one  should 
consider  that  the  burning  time  of  grain  in  the  accumulator  t  is 
equal  to  the  displacement  time  of  liquid  t%. 

•By  using  formula  (4.85)  calculate  the  required  nozzle  throat, 
area  of  the  accumulator. 

Let  us  note  that  during  derivation  of  equations  the  system  on  the 
Whole  was  considered,  i.e.,,.  acculator  and  tanks.  During  investigation 
of  laws  of  change  of  intratank  parameters  with  time  we  write  the 
equations  of  accumulators  and  tanks  separately  with  consideration  of 
the  kinetic  energy  of  gas  flow,  if  it  is  necessary  to  study  the 
processes  of  outflow  of  gases  from  the  accumulator  into  tanks  more 
comprehensively,  then  one  should  draw  on  additional  equations  of 
thermodynamics  and  heat  transfer.  In  a  number  of  cases  the  condensa¬ 
tion  of  products  and  the  vaporization  of  liquid  are  considered. 

However,  one  should  comprehensively  describe  the  entire  complex  of 
.processes  aa  applied,  to  particular  constructions. 
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(4.87) 
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CHAPTER  V 

INTRATANK  PROCESSES 
5.1.  Heat  and  Mass  Exchange 

During  calculation,  design  and  research  of  feed  systems  it  is 
necessary  to  know  the  conditions  of  heat  exchange  in  the  tank,  mass 
transfer  between  gas  and  liquid,  located  in  the  tank,  conditions  of 
the  influence  of  gas  on  liquid,  the  character  of  displacement  of 
liquid  from  the  tank. 

The  study  of  the  indicated  processes  allows  correctly  organizing 
the  storage  of  liquid  in  the  tank  and  the  supply  of  an  engine  with 
propellant  during  its  operation. 

Calculation  is  performed  for  a  number  of  characteristic  periods , 

which,  can  include  the  following. 

* '  ' 

Storage  of  a  full  tank  at  constant  ambient  temperature .  Here 
it  is  assumed  that  the  tank  .is  under  certain  pressure.  In  such  :ndi- 
tions  heat  exchange  is  absent,  there  takes  place  molecular  diffusion, 
which  continues  until  the  saturation  of  liquid  by  gas  is  finished 
and  equilibrium  is  established  between  gas  and  vapors  of  liquid  in  the 
upper  cavity  of  the  tank. 
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(Storage  of  a  full  tank  at  variable  ambient  temperature .  In 
these  conditions  heat  exchange  sets  in  between  the  environment  and 
the  gas,  located  In  the  tank,  and  also  between  the  environment  and 
liquid.  If  the  intensity  of  heat  exchange  with  gas  and  liquid  is 
.different,  then  heat  exchange  between  gas  and  liquid  appears.  As  a 
result  of  heat'  exchange  with  the  environment  the  temperature  in 
boundary  layers  varies,  which  moves  the  gas  and  liquid.  During 
heating,  for  example,  the  gas  and  liquid  in  areas  adjacent  to  a  wall 
will  -be  lifted  upward  and  move  downward  in  the  central  part  of  the 
tank.  The  direction  of  motion  of  the  gas  and  liquid  on  a  mirror  of 
liquid  will  be  reciprocally  opposite,  which  will  lead  to  the  inten¬ 
sification  of  diffusion. 

>  Increase  of  pressure  in  the  tank  before  engine  starting.  The 

displacement  of  liquid  is  not  yet  fulfilled.  The  change  of  the 
temperature  of  gas  with  time  will  depend  on  the  type  of  pressurized 
system  and  heat  exchange  between  gas  and  the  wall,  gas  and  liquid. 
This  period  is  rather  short  and  any  noticeable  diffusion  processes 
here  are  not  observed. 

'  \ 

The  displacement  of  liquid  during  operation  engine  on  a  stand 
or  at  launch ,  but  before  takeoff  of  the  rocket.  A  change  of  tem¬ 
perature  and  volume  of  gas  occurs.  The  ambient  temperature  is 
assumed  constant.  Heat  exchange  takes  place  inside  the  tank  between 
gas,  the  wall  and  liquid.  Part  of  the  energy  of  gas,  the  quantity 
of  which  increases  with  time,  is  spent  for  displacement  of  liquid; 
in  this  case  hydraulic  resistances  and  mass  forces  are  overcome  and 
the  kinetic  energy  of  outflowing  liquid  is  increased. 

Displacement  of  liquid  during  operation  engine  in  flight. 

In  comparison  with  the  previous  case  the  calculation  is  complicated 
in  view  of'  heat  exchange  between  the  environment  and  the  wall  of  the 
.tank. 

5.2.  Heat  Exchange 

|  In  the  last,  most  complex  case  heat  exchange  occurs  between 

|  gas  and  the  tank  wall,  gas  and  liquid,  environment  and  wall,  wall  and 
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liquid,  and  also  the  transfer  of  heat  along  the  wall. 

In  certain  cases  heat  exchange  between  gas  and  liquid  is 
considered. 

A  rather  complete  picture  of  heat  exchange  can  be  obtained  by 
considering  two-dimensional  nonstationary  heat  flow  in  the  tank  wall. 
By  excluding  heat  exchange  between  gas  and  liquid,  we  arrive  at  the 
following  equations. 

The  intensity  of  heating  of  the  tank  wall  on  the  part  of  gases 
and  from  the  external  side  is  different.  The  temperature  field  in 
the  wall  will  be  unsymmetric.  Inside  the  wall,  along  axis  *  (Pig. 

51)  let  us  separate  the  boundary,  on  which  the  derived  wall  tem¬ 
peratures  along  axis  y  become  zero.  Considering  the  diameter  of 
the  tank  incommensurably  large  in  comparison  with  the  wall  thickness, 
let- us  write  calculation  equations  in  Cartesian  coordinate  system. 


Pig.  5*1.  Diagram  of  heat 
transfer  in  a  tank. 


The  equation  of  thermal  conductivity  for  part  of  the  wall, 
located  to  the  left  of  the  considered  boundary,  will  be  written  so: 

~lr,  (A-,//./)]  ~a„  [£  r,  (x,y,0+~  7\<*,y,o] ,  (5.1) 


19 


\ 


where  the  coefficient  of  temperature  transfer  of  material  of  the  wall 


(5.2) 


The  equation  of  thermal  conductivity  for  the  part  of  the  wall, 
located  to  the  right  of  the  considered  boundary, 

— [r,  (*».<)]  =«„  [— ■  t;  (x, !,,()+ ^  7",  (jr.y,/)] .  (5.3) 

•Below  the  liquid  mirror  convective  heat  exchange  occurs  between 
the  environment  and  wall.  Prom  the  wall  liquid  heat  is  transferred 
due  to  thermal  conductivity.  For  this  part  of  the  wall  the  equation 
of  thermal  conductivity  will  be  written  so: 


-£-[7^,01  [^•7-4(x.y,0+^r2(^y,0] . 


(5.4) 


When  performing  calculations  one  should  bear  in  mind  that 


««-jf(7y. 


(5.5) 


The  following  equation  describes  thermal  conductivity  in 
liquid: 


dt  [-£7 .  (5.6) 


For  determination  of  the  boundaries,  within  which  the  written 
equations  act,  let  us  take  the  origin  of  coordinates  in  the  upper 
part  of  the  tank  on  the  inside  of  the  wall.  Current  value  of  *=*p, 
characterizing  the  position  of  the  boundary  of  gas  and  liquid,  or, 
which  is  the  same,  the  position  of  the  liquid  mirror,  will  be 
determined  by  equation 
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the  wall 


(5.2) 


he  wall. 


*p— *o+  9mFt  -  5  GJt, 


(5.7) 


where  x0—  the  position  of  liquid  mirror  at  the  initial  moment  of 
time;  G*—  the  current  value  of  flow  rate  liquid  from  the  tank;  Ft  — 
the  cross-sectional  area  of  the  tank. 


(5.3) 


s  between 
sf erred 
equation 


'(5.H) 


(5.5) 


At  the  initial  moment  of  time  the  temperatures  of  the  wall  and 
liquid  are  equal  to  a  certain  prescribed  temperature  T0.  Therefore, 
initial  conditions  will  be  written  so: 


T  j  {x,ytQ)—Tf£ 
T 1  (x.y.O)  7^  7* gt 
Ti(x,y,0)=T0; 
TM(x,y,b)—T0. 


(5.8) 

(5.9)  ' 

(5.10) 
(5.11) 


On  the  boundary  between  gas  and  liquid  above  the  liquid  mirror 
the  heat  flow,  directed  from  gases  to  the  wall,  is  completely 
transferred  to  the  wall,  therefore  the  boundary  condition  will  be 
written  so: 


«r  \rt  -  Tt  (*,0,*)]  =*CT  —■  [r, 


(5.12) 


(5.6) 


The  external  surface  of  the  tank  is  heated  convectively  from 
the  environment.  For  the  part  of  the  .wall,  located  above  the  level 
of  liquid,  we  'have  boundary  condition: 


f  written 
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lid,  or, 


[7,-r;(x,0,<)j=^T  ~ |7;(^.o,o). 


(5.13) 


For  the  wall,  located  below  the  level  of  liquid,  the  boundary 
condition  will  be  written  so: 


17,  -  7j(x,0,/)l— Xct JL  (r2(x,0,/)J. 
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(5.15) 


(5.16) 


Boundary  condition  (5.20)  corresponds*  to  section  0<if<$i.  and 
condition  (5.21)  -  to  section  6i <y<6.  These  conditions  are  Justified 
when  heat  flow  of  the  top  of  the  tank  to  section  (0,  y)  when  0<y<« 
is  equal  to  the  flow  from  the  wall  to  the  same  section. 

For  boundary  (*p,  y)  when  0<y<6  equality  of  temperatures 
should  be  fulfilled: 


(5. IT) 


T\(x;,y,t)=T2(x;,y,t), 


(5.22) 


(5.23) 


considering 


(5.18) 
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moreover  boundary  condition  (5*22)  corresponds  to  section  0<y<fli, 
and  condition  (5.23)  -  to  section  6i <y<6. 

The  following  boundary  conditions  are  written  for  the  lower 
part  of  the  tank.  If  it  is  possible  to  consider  that  there  are  no 
changes* in  temperatures  along  axis  x ,  then 


(5.19) 


-[T2(L,y,t))= 0; 
-{Tu(L,y,t)\= 0, 


(5.24) 


ks,  directed 


(5.20) 


(5.21) 


where  L  -  distance  to  the  lower  pairt  of  the  tank,  i.e.,  xt~L 

The  last  boundary  remains  -  the  demarcation  line  of  liquid  and 
gas.  In  the  absence  of  convective  heat  exchange  between  gas  and 
liquid  the  boundary  condition  will  be  written  so: 


(^'r(*p>  y»0] - T~  IT'*  (Xp  —  (/>0|. 


(5.25) 
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If  the  liquid  mirror  is  convectiveiy  heated  from  gas.  Which  is  in  B 

the  tank,  then,  inasmuch  as  all  the  heat,  supplied  to  the  mirror, 
will  be  realized  in  the  preheating  process  of  liquid,  we  obtain 


*,Vr-Txix,,-yJ)]=K  —•{ (5.26) 


.  Both  boundary  conditions  correspond  to  section  —R<y< 0. 

Let  us  note  that  boundary  conditions,  with  the  solution  of 
particular  problems,  should  be  refined  with  consideration  of  the  tank 
construction  and  the  specific  character  of  heat  exchange. 

Sometines  to  get  a  preliminary  approximate  idea  about  heat 
exchange  in  the  tank  we  consider  a  une-dimensiohal  equation  of  thermal 
conductivity  under  the  assumption  of  heating  of.  the  wall  on  one 
side  or  in  the  presence  of  equal  intensity  heating  both  on  the  inside 
and  outside  of  the  tank. 

5.3.  The  Solution  of  One-Dimensional  Equation 
of  Thermal  Conductivity 


If  we  disregard  heat  flows,  directed  along  axis  x,  then  the 
equation  of  thermal  conductivity  takes  the  form 

(5.27) 
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where  r«—  the  wall  temperature.. 

Let  us  determine  initial  anu  boundary  conditions.  In  the  initial 
moment  of  time 
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By  analogy  with  equation  (5.12)  let  us  take  boundary  condition 


«[7V-7'c(0,/)MeT 

dy 


(5.28) 


Let  us  examine  a  symmetric  problem,  which  corresponds  to  identical 
heating  of  the  wall  both  inside  and  outside  (Fig.  5.2),.  For  y=b 
we  have  boundary  condition 


(5.29) 


Fig.  5.2.  Temperature  distri¬ 
bution  in  the  wall  in  the  absence 
of  heat  exchange  with  the  envi¬ 
ronment  . 


If  we  consider  half  the  wall,  thickness  (Fig.  5*3),  then  the 
conditions  of  temperature  distribution  along  the  thickness  will 
correspond  to  the  absence  of  heat  exchange  of  the  wall  with  the 
environment.  The  solution  has  the  form  [591 


T„(yJ)~Tt-(Tr-Ttt9) 


V  Ststnpa'cojpji 
“  sin  fti -cos  (*, 


X 


X2-*-exp 

u 


(5.30) 


The  roots  of  characteristic  equation  (in  are  determined  graphically 
(Fig.  5.4)  with  respect  to  points  of  intersection  of  contangent  curve 


y=ctgn 


(5.3D 
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with  a  straight  line 


(5.32) 


Usually  in  expression  (5.30)  the  series  rapidly  converges.  Values  of 
„  *cr  are  tabulated  [59]. 
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Pig.  5.3.  Temperature  distribution 
in  the  wall  in  the  absence  of  heat 
exchange  with  the  environment. 


Pig.  5.^.  The  graphic  method  of 
determination  of '  roots  of  charac¬ 
teristic  equation. 
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5 . 4 .  The  Heat  Transfer  Coefficient.  Convective 
Heat  Emission  in  Stationary- Conditions 

In  the  process  of  convective  heat  exchange  the  working  medium 
transfers  heat  to  the  wall,  so  the  quantity  of  heat,  received  by 
the  wall,  is  equal  to  the  quantity  of  heat  which  is  returned  to  the 
working  medium.  In  heat  exchange  there  takes  part  the  boundary  layer, 
the  thickness  of  which  is  designated  6.  First  let  us  examine  the 
abrupt  change  of  temperature  from  T  to  T„,  which  in  Pig.  5-5  is  re¬ 
presented  by  line  abod.  Under  the  assumption  of  such  an  abrupt 
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(5.32) 


lues  of 


change  of  temperature  the  process  of  heat  exchange  is  isothermal.  In 
actual  conditions  the  temperature  of  the  working  medium  varies  along 
the  thickness  of  the  boundary  layer  approximately  along  line  bd. 

Such  a  process  of  heat  exchange  is  nonisothermal.  The  change  of  mass 
of  working  medium  withe  the  change  of  thickness  of  boundary  layer  on 
the  element  of  length  dx  will  comprise 


dm**2nrQdbdx. 


(5.33) 
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Pig.  5-5.  For  derivation  of  the 
equation  for  determining  the  heat 
emission  coefficient. 


The  elementary  change  of  heat  in  this  case 


dqaz2nrQcdl  ~-  dT. 


(5.3*0 


The  element  of  the  heated  wall  surface 


dF**2nrdx. 


(5.35) 


by 
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The  change  of  heat,  received  by  the  wall. 


dq^adFdT, 


(5.36) 


E 


: 


dq*=a2nrdxdT.  (5.37) 

By  equating,  the  right  sides  pf  equation  (5*3*0  and  (5*37) »  we  obtain 

Qcdl^-adx.  (5-38) 


Consequently, 


or 


o 


dx 


it 


a-=ccW'  . 


(5*39) 


(5*40) 


Now  let  us  multiply,  the  right  and  left  sides  of  equation  (5. *10)  by 
complex 


i_ 

\ 


v. 


After  transformations  we  obtain 


Nu=Re-Pr  — , 


(5**11) 


where  the  Nusselt  number  Nu=-y-,  Reynolds  number  Re=-~-.  and  Prandtl 

number  Pr=-~-.  The  thickness  of  the  layer,  which  takes  part  in  heat 
exchange,  is  proportional  to  the  thickness  of  boundary  layer.  In 
turbulent  flow 


8=at0,37j<*8 


(5**12) 
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(5.38) 

(5.39) 

(5. ^0) 
40)  by. 

(5.J41) 

and  Prandtl 
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(5.42) 


where  «»—  the  proportionality  factor. 

Having  taken  the  derivative  with  respect  to  x,  we  obtain 

-£=«t0.296  (£)'V*».  (5.43) 


By  substituting  the  value  of  the  derivative  from  expression  (5.43) 
in  equation  (5.41),  we  find 


Nu=fltO,296(£)0,5Re»-*-Pr. 


(5.44) 


In  the  examination  of  actual  processes  into  calculation  there  is 
introduced  the  coefficient  of  nonisothermicity.  0,  considering  the 
decrease  of  heat,  yielded  by  the  working  medium  in  the  nonisothermal 
process,  in  comparison  with  heat  characteristic  for  isothermal  heat 
exchange,  moreover 


» 

*■-- rSr(*)" 

0 


r- 


Tct 


Now  the  calculation  equation  will  be  written  so: 


(5.45) 


Nu=a,0,296  (y^Re^-Pr-p. 


(5.46) 


In  that  area  of  heat  exchange,  where  there  is  a  laminar  boundary 
layer. 


%—a 


(5.47) 
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Having  taken  the  derivative  with  respect  to  x,  we  obtain 


(5.^8) 


The  calculation  formula  will  be  written  so: 


Nu Re^-Pr-p. 


(5.U9) 


During  derivation  of  equations  (5. ^6)  and  (5.47)  there  were  not 
considered  many  features,  characterizing  the  heat  transfer  conditions; 
in  each  separate  concrete  case  these  features  are  manifested 
differently.  Therefore,  the  calculation  formula  should  be  written 
so: 


•  Nu=i  (•7)*Re"  Pf  •?. 


(5.50) 


where  factor  A  and  exponents  fe,  m  and  n  are  determined  by  results  of 
processing  of  experimental  data. 

Convective  heat  emission  of  stabilized  flow 

With  steady  state  the  thermal  and  high-speed  stabilization  of 
flow  can  be  forcibly  created  and  started  at  any  distance  from  the 
place  of  entry  of  the  working  medium  into  the  heat-exchange  device. 

During  motion  along  tubes  the  stabilization  is  begun  at  such  a 
distance  *=/„„  from  the  place  of  entry,  for  which  6 
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The  obtained  value  (<///)  w  is  retained  for  other  values  of  l>l^  and, 

thus,  characterizes  the  conditions  of  stabilized  heat  emission. 

For  determination  of  the  coefficient  of  nonlsothermicity  let  us 
use  formula  £94]: 

r(8)=r(/?) (—J1*;  r(l)~TmW(l)IW(R))'i., 


moreover  x  scarcely  depends  on  the  Re  number. 
With  change  of  temperature  from  Tt  to 


7'(8)=(r0-7’„)(-i.),/x+7'„. 


- i 
i 
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1 

i 
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It-  is  logical  to  consider  [63]  X  as  a  power  function  of  the 
temperature  transfer  coefficient  at  prescribed  viscosity  or, 
generally,  of  the  Prandtl  number,  i.e.. 


Now  we  find  that 


X«=X#Pr,“''. 


Xo  Pr1-"  -f 1 


where  x0  corresponds  to  x  when  Pr  ■  1. 
If  XoPr‘-">,l,  then 

pas - \ - . 

Xo  Pr1”" 


The  effect  of  the  direction  of  heat  flow  and  a  number  of  other 
factors  on  the  intensity  of  heat  emission  is  considered  by  power 
function 
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Thus,  for  turbulent  flow 


Nu»i4  Re"V*Pr*.  (5-51) 

If  we  accept  the  values  of  x0>  m *  n  recommended  In  [63]  and  [9*0,  then 
calculation  by  formula  (5*51)  will  give  good  convergence  with  results 
of  processing  of  experimental  data. 

With  free  convection 

Nu=i4(Pr-Gr)c,  (5.52) 


where  Grashof  number 


Btf; 


(5.53) 


B  -  the  volumetric  expansion  coefficient  of ‘liquid. 

If  the  difference  of  densities  of  liquid  is  determined  by  the  dif¬ 
ference  of  temperatures,  then 


p-_.  (5.54) 

c 

Tables  5.1  and  5-2  contain  the  necessary  data  for  calculation  of 
forces  and  free  convection  in  fuel  tanks. 
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Table  5.1.  Forces  convection  in  a  fuel  tank 
[according  to  formula  (5. 51) 3 . 


'Heat  exchange  condition 

A 

m 

I<Re<4 

'0,891 

0,33 

4<Re<40 

0,821 

b.awi 

40  <Re  <4*105 

.  0,815 

! 0,466' 

4.10»<Re<4.1(H 

0,174 

0,618 

4*10*<Re  <2,5*105 

0,0239 

'  s0;806 

Note:  Re- — ■,  *  =  o,  n  =  o. 

p  . 


} 

Table  5.2.  Free  convection  in  a  fuel  tank  [ac-  | 

cording  to  -  formula  ( 5 . 52  }>] .,  ....  ! 


Heat  '  0 

.exchange 
conoltionc 

A 

c 

Area  of  application,  : 

Vertical 

surface 

Laminar 

motion 

0,59 

0,25 

HM<(Pr*Gr)<*10»  | 

Turbulent 
,  notion 

0,13 

0,33  . 

109<(Pr*Or)<10»  l 

r  > 

'1«. 
o  o 
n  a 

VI’ 

o  3 

3  (> 

Laminar 

motion 

0;54  ( 

0,27 

o;25 

0,25  ' 

105<(Pr-Or)<2*107 

t*>tt  : 

3*105  <(Pr*Or)  <310W 

T*<Tr 

Turbulent 

motion 

0.14 

0,33 

107<(Pr*Qr)<  31010 

T*  >  Ti  » 

Note :  Nu  «  Si. 

A 


Convective  heat  emission  in= nonstationary  conditions 

Separate  works,  for  example  [20],  [35]  have  been  dedicated  to 
the  study  of  heat  emission  conditions  under  nonstationary  conditions. 
Examination  of  the  effect  of  derivatives  G  and  j.  on  the  heat 
emission  coefficient  presents  the  greatest  interest.  Under  the 
effect  of  O'  there  occurs  a  change  of  the  velocity  profile;  if  G> 0. 
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then  increase  of  the  coefficients  of  heat  emission  a  and  hydraulic 
resistance  £ .  If  heat  flow  q  varies  with  time,  then  convective 
heat  exchange  is  affected  by  nonstationary  preheating  of  the  working 
medium,  which  leads  to  an  increase  of  a  when  $>0.  Therefore,  for 
determination  of  the  Nusselt  number  in  nbnstationary  conditions  it 
is  possible  to  recommend  formula 

NuM-Niif,  (d)v(j), 

where  Nu  7  the  \axue  of  Nusselt  number  under  steady  conditions. 

If  g- 0,  then  <p,(G)«l.  If  6  affects  the  magnitude  of  the  heat 
emission  coefficient,  then  with  increase  of  G  function  q> 1(6)  will 
approach  a  certain  limit,  equal  to  $i.  If  $=0,  then  q*($)«i,  since 
in  this  case 


Nu(0'-Nu. 

With  increase  of  4,  even  with  instantaneous  growth  of  heat  flow, 
function  (i)  takes  some  limiting  value  to- 

In  engineering  calculations  it  is  possible  to  take  the  exponential 
law  of  change  of  functions  in  the  form 


<?!  1)[1  — exp(_6)l; 

fcU)=H(fc-l)P-exp(-^)j. 


■By  using  the  theory  of  dimension,  we  find 


6=6-4- 

Ov 


q=q. 


tP 


a(T—T„)c 


where  a—  the  temperature  transfer  coefficient  of  working  medium; 
T—T„  —  the  temperature  difference,  characterizing  heat  exchange. 


Valui 
Gall 
with 
and  : 
cons: 
resu! 
is  p< 


calcv 
of  r« 


of  s« 
It  px 
the  ] 


of  tl 
of  a 
wall 
each 
time 


where 
The  i 


209 


lie 


eking 

or 

it 


e  heat 

will 

ince 


onential 


Values  of  ti,  ft ,  6,  $  are  determined  experimentally.  Actually,  B.  M. 
Galitseyskiy,  E.  K.  -Kalinin  and  others  [20],  [35]  in  experiments 
with  tubes  for  air  when  1,8*  10‘<Re<2I9.iO»,  feed  pressure  0.J»6-i.6  Mn/m2 
and  relationship  T/T„=*l'— 1,44  obtained  the  law  of  change  of  the 
considered  functions,  close  to  expotential.  By  generalizing  the 
results  of  a  number  of  experiments,  for  approximate  calculations  it 
is  possible  to  recommend  1,1 — 1*2  and  $=0,05—0,10. 

5.5.  The  Method  of  Regular  Conditions 

In  engineering  practice  we  use  approximate  methods  of 
calculation  of  heat  exchange  in  the  tank,  one  of  which  is  the  method 
of  regular  conditions. 

The  tank  along  axis  x  is  divided  conditionally  into  a  number 
of  sections,  the  length  of  each  of  which  is  equal  to  Ax.  Sometimes 
it  proves  to  be  convenient  to  divide  the  tank  into  sections, 
the  lengths  of  which  are  various. 

Calculation  is  performed  under  the  assumption  of  abrupt  change 
of  the  height  of  the  liquid  level  in  the  tank.  The  emptying  time 
of  a  section  with  height  Ax  is  equal  to  At.  For  each  section  of  the 
wall  parameters  are  averaged,  and  the  gas  parameters  are  averaged  for 
each  interval  of  time  At.  Let  us  assume  section  Ax  is  heated  during 
time  At.  The  heat  flow,  being  directed  from  gases  to  a  wall, 


dq~a(TT-Tcri)dt, 


(5.55) 


where  rCTl—  wall  temperature  on  the  part  of  gases. 
The  increase  of  enthalpy  of  the  section  wall 


urn; 

ige. 


dl  **  2nRbdkXQetC„dT  cti. 


(5.56) 
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where  . a—  wall  thickness;  On—  density  of  wall  material;  cCT—  ■ 
specific  heat  of  wall  material;.  J«—  mean  wall  temperature,  moreover 


r^i+T'  1 2 


(5.57) 


Tat— '  temperature  of  external  wall  surface. 

alon 

The  method  of  regular  conditions  is  based  on  the  assumption  that 

nume 

\ 

Ter  i — 7'cts*' A7"et=const.  >  (5.58) 

heat 

firs 

Consequently 
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(5.59) 
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dq~di, 
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we  find 


7"1  -r 

n  dTc" 
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The 
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Hence  through  time  interval  At 


T'c  —Tr  (1  —  expi  -  B a/)I +7’c,io  exp ( -  BM ), 


(5.62) 


the 


where  rctl0—  initial  value  of  wall  temperature  on  the  part  of  gas; 
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moreover 


(5.57) 


tion  that 


(5.58) 


(5.59) 


(5.60) 


(5.61) 


(5.62) 


,  of  gas ; 


(5.63) 


2*»Ajrfci*cT 


5.6.  Calculation  of  the  Heating  of  the  Tank 
Wall  Along  Sections  " 


During  calculation  of  heating  of  the  entire  surface  of  the  tank 
along  sections,  the  number  of  sections  is  designated  by  Roman 
numerals,  and  the  time  intervals  -  Arabic. 

The  internal  surface  of  the  first  annular  section  Lx  will  be 
heated  for  Lt  s.  Heat,  transferred  from  gas  to  the  wail  in  the 
first  period. 


LQu  =al2nR\x  (TtX—T At, 


(5.64) 


where  -  the  coefficient  of  heat  emission  from  gases  to  the  wall 

in  the  first  period  of  calculation; 

the  increase  of  wall  temperature  in  this  case 


” 11  2jt/?8AjcfcTeCT 


(5.65) 


The  wall  temperature  of  the  first  section  at  the  beginning  of  the 
second  period 


fcTia**7ciii+Arc»i  li 


the  mass  of  gas  of  gas  in  the  tank  during  the  first  period 


(5.66) 


El 

1  D.T 


-£r-(V0+2*RAX), 

UlTri 


(5.67) 


where  KQ  -  initial  free  volume. 

The  decrease  of  gas  tempetature  will  be  equal  to 


Heat 


tfrl— 


*I«KI  ’ 


(5.68) 


Total 


where  cyi—  the  specific  heat  of  gas  in  the  first  period  of  calcula¬ 
tion. 

In  the  second  period  of  time  there  occurs  heating  of  two 
sections,  but  temperature  T„it  of  the  first  section  will  be  higher 
than  temperature  rc«i»'  of  the  second  section,  just  as  appeared  from 
under  the  liquid  mirror.  The  mass  of  gas,  heating  the  wall  in  the 
second  period. 


f  Gtdt. 


(5.69) 


Inasmuch  as  time  interval  A t  is  rather  small,  during  calculation  it 
is  possible  to  be  guided  by  the  average  and  constant  value  of 
specific  heat. 


The  gas  temperature  in  the  tank  at  the  beginning  of  the  second 
period  of  heating 


«i(frt  —  4fri)  +  fr0  f  0,dt 

rr!= - - - ? - ,  (5.70) 


where  rrt—  temperature  of  a  fresh  batch  of  gas. 

Heat,  transferred  to  the  first  section  in  the  second  period  of  time, 
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(5.71) 
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thermodynamic  parameters  of  gas,  which;. are  continuously  changed  in 
the  process  of  displacement  of  liquid. 

Let  us  note  that  when  using  the  formula  of  regular  conditions 
(5.62)  there  is  calculated  the  change  of  wall  temperature  with  time. 
During  calculation  of  heating  of  the  tank  wall  along  sections  in  the 
case  of  utilization  of  formulas  (5- 64>— (5. 66)  there  is  assumed  an 
abrupt  change  of  temperatures.  The  results  can  be  refined,  by  using 
the  method  of  regular  conditions  in  calculation  with  respect  to 
sections . 


5.7.  Mass  Transfer.  Diffusion  of  Gas  into- Liquid 

* 

Diffusion  can  be  molecular  or  turbulent. 

Molecular  diffusion  is  observed  in  the  absence  of  heat  exchange 
of  the  tank  with  the  environment  and  the  mechanized  mixing  of  liquid 
or  circulation  of  gas.  Turbulent  diffusion  is  characterized  by 
the  presence  of  liquid  or  gas  currents. 

For  the  tank  the  equation  of  molecular  diffusion  in  cylindrical 
coordinate  system  has  the  form 


~—D 

,11, 

(  d 

it  " 

,  dxl  ~ 

r  dr  \ 

Ur 

(5.77) 


where  o  -  the  concentration  of  gas  in  liquid;  Z)„—  coefficient  of 
molecular  diffusion 

In  equation  (5.77)  the  first  term  &c/dx3  considers  the  change 
of  .concentration  along  the  depth,  and  the  second  term  -  along  the 
radius  of  the  tank.  However,  in  the  case  of  molecular  diffusion 
the  flow  of  the  mass  of  gas  is  practically  uniform  over  the  entire 
section  of  the  tank;  in  this  case  instead  of  equation  (5.77)  we 
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arrive  at  nonstationary,  one-dimensional  equation 


(5.78) 


At  the  initial  moment  of  time  (t  *  0)  along  the  entire  depth  of  the 
tank  (a)  the  concentration  of  gas  o  *  0,  i.e., 

c(x,0)-0.  (5.79) 


If  the  tank  was  serviced  with  liquid  and  filled  with  gas 
before  beginning  the  research,  then  at  moment  of  time  t  *  0,  i.e., 
at  the  beginning  of  calculation,  the  concentration  of  gas  in  liquid 
will  be  nonzero  and  Instead  of  condition  (5.79)  we  will  have 


c(x,  0)*=Co. 


At  relatively  low  pressures  the  concentration  is  proportional  to  the 
partial  pressure  of  substance,  diffusing  from  the  gas  cushion  of  the 
tank  into  liquid,  i.e.. 


c=Kpi, 


(5.80) 


where  K  -  Henry  coefficient. 

Therefore  the  boundary  condition  can  be  .written  so: 


c(0,t)=Kp,. 


(5.81) 


At  rather  large  depths  on  the  bottom  of  the  tank  the  concentration 
of  gas  in  liquid  is  practically  equal  to  zero;  this  leads  to  boundary 
condition 

c(oo,t)=0.  (5.82) 
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The  diffusion  coefficient  is  inversely  proportional  to  viscosity, 
which  depends  on  the  pressure.  The  theoretical  relationship  of  the 
pressure  coefficient  to  Eyring  and  Prenkel  temperature  has  the  form 


"-'M-SW- 


(5.83) 


where  ED—  the  activation  energy  of  the  diffusion  process. 

After  transformations  we  obtain  equation 

lnZ)=/l — 

During  the  study  of' diffusion  in  hydrocarbon  fuel,  but  under  actual 
conditions,  i.e.,  with  vibration  of  tanks,  V.  P.  Logvinyuk  obtained 
the  following  approximate  dependences: 

Nu„«0,05ReSe*-5; 

A<  ( 1  +  0,03  Re  Sc0'4)  i j 

where  NuB~  Nusselt  diffusion  criterion,  moreover 

k  -  mass  transfer  coefficient;  h  -  the  depth  of  penetration  of 
diffusing  gas,  measured  from  the  liquid  mirror;  S,—  Prandtl 
diffusion  criterion,  moreover 

9  —  v  ■ 

Dr—  turbulent  diffusion  coefficient;  Du—  molecular  diffusion 
coefficient. 


JThe  numerical  values  of  coefficients  and  exponents  are  rounded- 
off  by  us. 
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The  molecular  diffusion  coefficient  in  [153  is  determined  by  formula 


(5.83) 


s . 


ider  actual 
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D. 


where  Z>e  -  diffusion  coefficient  with  A>“7 60  mm  Hg  and  r=»273°K.  The 
exponent 

0,75<«<1,0. 

In  the  presence  of  mechanized  mixing  or  with  noticeable  change  of 
ambient  temperature  turbulent  diffusion  takes  place.  During  heating 
of  tank  walls  natural  convection  appears,  characterized  by  velocity 
components.  The  equation  of  turbulent  diffusion  in  cylindrical 
coordinate  system  has  the  form 


uJL 

d 

dxi  ' 

1  dr 

(5.84) 


where 


ion  of 
:ndtl 


D~DM+Dt. 


If  the  change  of  concentration  along  the  depth  is  caused  mainly 
by  the  longitudinal  motion  of  liquid,  then 


dc 

dt 


(5.85) 


f fusion 


With  mean  value  of  velocity 


dc 

dt 
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(5.86) 


are  rounded- 


It  is  possible  to  solve  equation  (5.86)  by  the  following  method. 
Let  us  assume  that  concentration 
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(5.87) 


where  T  varies  only  with  time*  and  X  is  a  function  only  of  x.  Instead 
of  equation  (5.86)  we  obtain 


where 


(5.88) 


If  h *> 


J-  "L«0-L  &  i  dx 

T  dt  X  difl  ^  x  X  dx 


(5-89) 


where 


Now  the  left  side  depends  only  on  /,  and  the  right  -  only  on  x, 
consequently,  both  sides  represent  some  constant  quantity.  By 
designating  it  through  — n*,  we  arrive  at  two  equations,  into  which 
equation  (5-89)  is  decomposed: 


tratio 


1  dT  , 

‘  T  dt  K' 


(5.90) 


where  i 


0. 

4x2  dx 


(5.91) 


The  solution  of  equation  (5-90)  has  the  form 


r=*»/T  exp  (—«*/), 


(5.92) 


!  are  det 
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where  X'  -  Integration  constant; 


Let  .us  rewrite  equation  (5.91)  so: 
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If  then  in  this  case  the  solution  takes  the  form 


A’=.4,exp{(^-A)^+MJexp[-(?-j-A)/l,  (5.96) 

where  4^  and  42  -  integration  constants; 

q=y/v>-&\  (5. 91) 

In:  accordance  with  equalities  (5.8?)*  (5.91)  and  (5.96)  concen¬ 
tration 


c =exp (~nH){A  exp ( q-h)t+B exp (~q—h) fl, 

where  new  constants 

A-A'Au 
B=A'Aj 

are  determined  by  boundary  conditions  depending  on  a  particular 
formulation  of  the  problem. 

5.8.  Overflowing  of  Liquid  from  the  Tank  into  the  Line 

The  connection  of  the  tank  with  the  line  is  carried  out  with  the 
aid  of  intake  devices,  which  provide  smooth,  uniform  overflowing  of 
liquid.  Intake  devices  should  guarantee  cavitation-free  motion  of 


(5.98) 

(5.99) 

(5.100) 
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liquid,  provide  uniform  lowering  of  the  level  of  liquid  in  the  tank 
and  prevent  funnel  formation. 

Cavitation  appears  when  static  pressure  turns  out  to  be  lower 
.than' the  saturated  vapor  pressure.  The  static  pressure  with  overflow 
of  liquid  from  the  tank  in  the  line  is  decreased  as  a  result  of 
increase  of  the  flow  velocity  and  under  the  effect  of  friction  forces. 

For  two  sections  of  a  convergent  channel  of  the  intake  device 
the  ‘balance  of  pressures  is  written  so  (Fig.  5.6): 


Pi  +.e* o*(y‘x+^)/+e* ~ — •<?* \  W(i)di,  (5.101) 


where  p^  and  p ^  -  static  pressure  in  the  considered  sections;  (/*+£*)- 

projection- of  acceleration  to  the  axis  of  intake  device;,  f  ^(Z)*// _ 

pressure 3  equivalent  to  mass  forces.  ® 


Fig:  5.-6.  Diagram  of  overflow  of 
liquid  -from  the  tank  into  the  line. 


According  to  the  equation  of  continuity 
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In  order  to  provide  constancy  of  pressure  in  all  sections  of 
the  intake  device,  in  equation  (5.103)  one  should  take  Pi*Pt.  In 
this  case  we  obtain 


lL—£. 

2  em 
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By  using  the  equation  of  continuity,  we  find- 
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(5.104) 


(5.105) 


Equation  (5.105)  allows  constructing  the  profile  of  the  intake 
device,  if  the  constant  value  of  the  derivative  of  flow  rate  in  time 
is  assigned.  Inasmuch  as  when  launching  a  rocket  the  acceleration 
of  flow  rate  is  changed,  and  the  engine  operates  the  longest  at 
Gwconst,  then  this  case  is  of  the  greatest  interest  when  selecting 
the  profile  of  intake  device. 

Taking  into  account  that  the  area  of  section 

(5.106) 

by  using  equation  (5.105)  and  assuming  G  -  0,  for  steady  state  we 
find  £97] 


[  'f—T-O'+eW*  J  (5.107) 

>  Equation  (5.107)  allows  determining  the  current  value  of  the 
diameter  of  Intake  device,  i.e,,  to  profile  it. 


(5.103) 
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The  next  stage  of  the  study,  of  further  motion  of  liquid'  is-., 
research  of  the  .conditions  of  filling  of  the,  line  with  liquid  and 
interaction  between  elastic  liquid  and  the  deformable  line. 
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CHAPTER  VI 


uld  and 


THE  MOTION'  OP  LIQUID  THROUGH  THE  LINE 

,6. 


At  arbitrary  distance  l  from  the  inlet  to  the  line  let  us 
separate  an  element  with  length  for  (Pig.  6.1).- 


Pig.  6.1.  For  derivation  of 
the  equation  of  continuity  for 
elastic  liquid,  moving  in  a 
deformable  line,  ' 


The  flow  rate  of  liquid  per  second  through  section  1-1  according 
to  the  equation  of  continuity  will  be 

Y^Gi^FQmW.  (6.1) 

On  section  of  path  for  there  can  occur  change  of  density  and  velocity, 
therefore  the  flow  rate  through  section  2-2  will  be 

±-(qxW)F*x.  (6.2) 

OX 


li  Equation  of  Continuity  for 
Elastic  Liquid,  Moving  in  a 
Deformable  Line 
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Change,  of  the  quantity  of  liquid  per  second,  which  is  located 
between  sections  1-1  and  2-2,  appearing  as  a  result  of  change  of 
the  liquid  density  with  time  will  be 


Let  i 


IT'™** 


(6.3) 


Change  of  the  quantity  of  liquid  per  second  in  the  same  volume 
a3  a  result  of  change  in  the  cross-sectional  area  with  time  will  be 


Ft  dt  ^ 


(6J 1) 


If  the  cross-sectional  area  changes  lengthwise,  then  the  change 
of  flow  rate  will  be 


dx 


(6.5) 


Change  of  the  quantity  of  liquid  per  second  as  a  result  of 
lengthening  of  the  line  will  be 


Ot 


(6.6) 


The  equation  of  the  law  of  conservation  of  mass  of  liquid  will 
be  written  so: 


Y, -  K +  >V + Yf  r  {-  Y  Fx + Yx  -  0. 


(6.7) 


By  substituting  the  values  of  the  found  derivatives  Yu  we  obtain 

(6.8) 


Inasmuch  as  all  elements  of  the  line  Ox  are  drawn  out  equivalently, 
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The  equation  of  continuity  assumes  the  form 


(6.11) 
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9m  ,  l ' 


m  ■  1  J-x= 0. 


9x  1  F  '  dx  1  x  dt 


(6.12) 


6.2.  Law  of  Elastic  Deformations 

The  condition  of  proportionality  between  elementary  changes  of 
pressure  and  density  has  the  form 


4P  _  _ Q9 

dQat  Qx 


(6.13) 


where  C  -  the  speed  of  sound;  E  -  modulus  of  elasticity  of  liquid. 

Ml 

The  law  of  elastic  deformations  for  the  pipeline  in  the  case  of 
radial  deformation 


P—*ES, 


where. e  -  relative  elongation,  moreover 


r-r o  . 
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Pq  -  initial  value  of  radius  of  the  line; 


E  —  modulus  of  elasticity  of  material; 


(6.14) 
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S  —  the  area  being  elongated,  moreover. 


For  det< 


S— (6.16) 

6  —  wall  thickness  of  line, 

Thus , 

(6.17) 

The  force.,  elongating  the  wall,, 

P=PX-P„-PU.  (6.18) 

Static  force 

px=2r0p*x,  (6.19) 

where  p  =  f,(x)  —  static  pressure  in  the  region  of  the  considered 
sections . 

The  dynamic  force,  caused  by  accelerated  motion  of  the  wall  of 
the  line. 


PCT = 2sir<fixtQ,lW  (6.20) 

where  2nr0fo«(}ll  -  mass  of  wall;  -  density  of  wall  material;  W  - 

the  rate  of  radial  displacement  of  the  wall.  The  rate  of  radial 

displacement  of  liquid  Wp(r)  is  a.  function  of  the  radius.  On  the  axis 

of  a  tube  WAO)  *  0,  and  near  the  wall  V  (iO  =  W  . 

r  r  u  ct 

Dynamic  force,  caused  by  the  acceleration  of  liquid, 

P„=2n* x  (  QjC',(r)rdr. 
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For  determination  of  force,  elongating  the  wall,  let  us  write 

P^Xrtphx.  (6.22) 

For  determination  of  coefficient  £,  having  equated  the  right,  sides 
of  equations  (6.18)  and  (6;22),  we  obtain 

r * 

.  „  «  f  9wfr r(r)rdr 

.teulTc,*  .  o  _ 


(6.23) 


P  rdp 

By  equating  the  right  sides  of  equations  (6.17)  and  (6.22),  we  find 


(6.18) 


(6.19) 
idered 

wall  of 

(6.20) 

I*'  "CT- 
adial 

On  the  axis 


(6.21) 


•  'o 


(6.24) 


By  taking  the  average  value  for  £  and  having  taken  its  derivative,  • 


we  obtain 


Taking  into  account  that 


siL-F  JL  iL. 
5  *  rj  * 


F  =nrl «  nrl, 


(6.25) 


(6.26) 


instead  of  expression  (6.25)  we  find 


df  ^ 


(6.27) 


According  to  the  law  of  elastic  deformations  with  elongation  of  line 


(6.28) 


moreover 


5,=2«r0*; 


ox 


Ox  — x 


(6.29) 

(6.30) 


•  -W- 


The  tensile  stress  depends  on  the  conditions  of  elongation  deformation. 
If  the  reduced  pressure  is  designated:  through  pj,  then 


reflects 

presence 


P,=--arlp,. 


(6.31) 


In  this  case 


,_2 

1  r0  jt0 


Having  taken  the  derivative,  we  find 


1  d  r0  dpt 

Xo  dt  2  IE  dt 


(6.32) 


(6.33) 


is  cause< 
the  duct 


dpjdt.  At 
possible 1 
replacenU 
written  a 


According  to  formula  (6.13)  we  find 


c«  _  P 
dx  Em 


(6.34) 


where 


According  to  equations  (6.11),  (6.26)  and  (6.27)  we  have 


F  _  2r0  *  dp  tdF  W 

F  El  K  dt  dx 


(6.35) 


By  considering  relationships  (6.33),  (6.34)  and  (6.35),  instead  of 
equation  (6,12)  we  will  have 


p  .  air  ,  2r0  „  dp  I  OF  W  ,  r0  dpi  q 
£,ii  r  fill  ?  dt  T  dx  2£8  dt  '  ’ 

The  third,  term  in  equation  (6.36),  i.e.. 


(6.36) 


Quantity 

E/q  is  eq 

Thus,  x/| 

C.  The 
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_2£o_.  Jp_ 

Ei  dt  ’ 
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eformation. 


reflects  radial  deformation  of  the  line  With  time,  caused  by  the 
presence  of  local  derivative  dpjdt.  The  follbwing  term,  i.e.„ 


(6, 31) 


dF  W  ' 
dx  nr$ 


(6.32) 


(6.33) 


is  caused  by  the  presence  of  change  of  the  cross-sectional  area  of 

i  i 

the  duct  lengthwise.- 

1  i 

Elongation  deformation  is(  characterized  by  partial  derivative 
dpildt.  At  velocities  W<C  instead  of  total  derivative  ,p  it  is 
possible  to  be  guided  by  the  , partial  derivative,  i.e.,  to  use 
replacement  of  p  by  dp/dt.  .  In  this  case  equation  (6.36)  will  be  . 
written  so: 


(6.34) 


where 


1 r  ^  t- 

r 

r0 

^  \  dx 

1  • 

dx  + 

1 

2  £»■ 

• 

*  X? —  - 

• 

1 

*  > 

1 

+  -^ 
^  £» 

•5 

(6.37) 


(6.38) 


(6.35) 


ead  of 


I  i  ; 
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'  1  f  Oii  i 

.  V  E* 


Ck  fro  g  Q 
Q  8  E 


(6.39)  • 


(6.36) 


Quantity  «cs  is  the  square- of  the  speed  of  sound  illiquid;  1  ratio 
0*  ‘  r  >  ‘ 

E/it  is  equal  'to  the  square  of  the  speed  of  sound  in  the  -pipe  material. 
Thus,  y characterizes  the  value  of  the  reduced  speed  of  sound 
Cpp.  The  coefficient  of  equivalence,  which  allows  taking  into  account 
the  effect  of  walls  of  the  line,  will  be,  1 


IF  jg  fr°~  f 
I  0  > 


(6.40)' 


1 


(6.41) 

« 

(6.42;)1. 

in  this 


f  motion 

(6.43) 

(6.44) 


where  there  is  designated 


?== 


V  dF  ,  /■p  dft 

nrl  dx  ^2Et  dt 


(6.45) 


Having,  taken  partial  derivatives  with  respect. to  x  from  equation 
(6.43)  and  with  respect  to-  t  from  equation  (6.44),  we  obtain 


#ir  d  ,  .  ,  i  >#p  n 

liir-170,+^)+—  -jj- v— =0; 


(6.46) 


+x*r**-+-fM=o., 

“  [  dtdx  j 


(6.47) 


By  excluding  (fiw/dtdx  from  expression  (6.47).  with  the  aid  of  equation 
(6.46),  after  transformations  we  arrive  at  heterogeneous  wave 
equation  for  sound  pressure: 


1,  9>p _ l_  J0p_ 

x*  dfi  e*.  dxi 


=  -U, 


(6.48) 


where 


U~fx-Ux+g*)+'' 
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^  dt 
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2^8 

dr- 

(6.49) 


The  change  of  external  volumetric  force  along,  the  length  of  the  duct 
is  so  small,  that  it  is  possible  to  accept 


-j^Vx+g^o. 


(6.50) 


The  augend  of' the  right  side  <of  equation  (6.49)  during  solution  of 
engineering  problems  ,will  be  written  so: 


dJir 


d  ip 


dx* 


dx 


(6.51) 
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Here  Ap  ~  hydraulic  losses ;  V,  -  friction  coefficient.  The  third 
term  of  equation  (6.4 9)  characterizes  the  change  of  flow  velocity 
With  time 


dj  /  W 

*  l  *i 


\-_L 

f.dW 

iv/  \ 

/  *3 

"  V'* 

dx  ^ 

W  dtdx  ) 

(6; 52) 


The  addend'  <?f‘  the  right  side  of  equation  (6. 52)  corresponds  to  the 
change  of  velocity  with,  consideration  of'  change  of  the  cross-sectional 
area  along  the  length  of  the  channel.  The  augend  considers  the  change 
of -ei-oss-sectional  area  lengthwise  and  with  time.  For  estimation  of 
the  fourth  component  of  equation  (6.49)  let  us  examine  such  a  case 
(Fig.  6.2). 


Fig.  6.2.  Diagram  of  the 
action  of  liquid  flow  on  a 
branching  of  the  line. 


Let  us  assume  the  elongation  of  the  pipe  occurs  under  the  action 
of  ballistic  force  P,  caused  by  the  action  of  the  liquid  flow  and 
applied  to  conical  branching  a,  moreover 

P=cxm  (/, + gJ+c'jtxF,  ~ ,  (6.53) 

where  cx  and  cx'  ~  coefficients,  which  characterize  the  interaction  of 
liquid  flow  with  branching;  Fa  -  area  of  projeccion  normal  to  axis  x 
of  branching  sections,  being  under  the  action  of  force  P;  m  the 
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mass  of  liquid  in  the  line  with  cross-sectional  area  F  at  length  l, 
moreover 


m*=FlQx; 


(6.5*0 


(jx+gx)  ~  projection  of  external  force  to  axis  x,  equal  to 


(/«+£*)'=/  cos  coso.  (6.55) 

-Here  a  —  the  angle,  depending  on  the  attitude  of  a  rocket;  fh  -  the 
angle,  depending  on  the  position  of  the  line  in  the  rocket.  Inasmuch 
as  .the  flight  speed  of  the  rocket  V  varies  with  time,  instead  of 
equation  (-6.55)  it  is  better  to  write 


Ux+g*)^  cosp—^cosa. 


(6.56) 


Pressure 


Pt=~-=--Cx  cos?-£cosa)-f  cxqa 


Wt 


(6.57) 


Thus,  for  a  case  when  g  =  const,  we  find 


If  from  equations  (6.43)  and;  (6.44)  we  take  partial  derivatives  for 
t  and  x  respectively,  then  after  transformations  we  arrive  at  the 
wave  equation  for  speed: 


Moreover 


XJ  do  e*  dXi 


(6.59) 
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(6.60) 
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(6.61). 


Thus,  the  nonhomogeneity  of  equations,  ,1s  determined  by  term  0  or  U  ; 
Let  us  note  that  in  the  wave  equation  for  velocity  there  is  a  term, 
considering  the  change  of  external  volumetric  force  with  time,  i .,e . , 

d 


M 


•There  appeared  a  component,  considering  the  change  of  hydraulic 
losses  with  time : 


d  MW  _  d  ip 

dt  dxi  ~~  M 


(6.62) 


During  the  study  of  wave  processes  it  proves  to  be  convenient  to  be 
guided  by  the  velocity  potential  >l>,  moreover 


tt'a--  -  grad$. 


Consequently,  in  one-dimensional  formulation 


(6.63) 


W-. 


dx  * 


(6.64) 


The  equation  of  motion  has  the  form 


— L  *L^(j±.s\ — L  JL+JL  JL 

dl  dx  UlK  ox  '  dxi  dx 


(6.65) 


If  we  do  not  consider  external  volumetric  forces  and  forces  of  viscous 
friction,  then  after  integration  of  equation  (6.65)  we  find 


p  _  M/ 

C*  M 


(6.66) 
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Wave  equation  for  velocity  potential  has  the  form 


(6.62) 


it  to  be 


l  m  i  w 


M  dt>  Um  dxi 


■ 


(6.67) 


6.4.  Nonstationary  Motion  of  Liquid  in  The  Line 


The  solution  of  equations,  which  describe  the  motion  of  liquid 
in  the  line,  is  connected  with  considerable  difficulties.  They, 
appear  when  determining  boundary  conditions,  during  compilation  of 
an  algorithm  in  the  course  of  utilization  of  the  net-point  method 
and  when  performing  calculations  on  digital  computers. 

Therefore,  during  formulation  of  the  problem  we  try,  by  using 
assumptions,  to  simplify  both  equations  and  boundary  conditions.  Let 
us  examine  the  problem  at  various  assumptions. 


(6.63) 


(6.64) 


(6.65) 


of  viscous 


(6.66) 


In  the  simplest  case  there  is  assumed  one-dimensional  nonstation¬ 
ary  flow  of  incompressible  liquid  in  a  cylindrical  tube.  In  this  case 


Qm  const 


(6.68) 


and  velocity  components 


1PV=0; 

W f  =0. 

The  flow  will  be  one-dimensional  if  external  volumetric  force 


(6.69) 

(6.70) 


(/r+*r)=0. 


The  equation  of  continuity  under  such  conditions  gives 


(6.71) 


Ox 


(6.72) 


Consequently,  the  velocity,  directed  along  the  axes  of  the  tube,  does 
not  depend  on  x ;  thus. 


W=W(r,ty 


(6.73) 


and,  as  a  consequence. 


•£r*'W)=0.  (6.74) 

The  equation  ‘Of  motion,  written  relative  to  axis  x  for  an 
axisymmetrical  problem,  takes  the  form 

+V[~^M+-7|:W)].  (6.75) 

♦ 

For  .simplification  of  the  solution  we  sometimes  consider  a  plane 
problem,  in  this  case  from  equation  (6.75)  the  last  term  drops  out, 
i.e. , 


V 


r 


From  equation  (6.75)  it  follows  that 

•—/>—  const;  (6.76) 

since  in  it  all  the  terms  do  not  depend  on  x.  If  when  t  =  0  the-  flow 
velocity  is  equal  to  zero,,  then  the  initial  condition  has  the  form 

W'(r.0)=0.  (6.77) 

With  two  variables  and  four  boundaries  eight  boundary  conditions 
should  be  assigned.  Equation  (6.75)  is  solved  analytically. 
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oe,  does 

.  (6. 73) 


(6.74) 

n 


More  complex  is  the  condition  at  which  Wr  is  nonzero.  For  an 
axisymmetrical  problem  We  take  (ir+g;)**o;  The  equation  of  continuity 
will  be  written  so: 


4-  WAx,r’t)+~-Wr(*'rJ)  +—  K(*r,  0-0; 

dx  dr  r 


(6,78) 


For  a  plane  problem  from  the  left  side  of  equation  (6.78)  one  should 
remove  the  last  term. 

Inasmuch  as  derivatives  —  VF_  and  —  W.  are  nonzero,  equations 

dx  .dr  ' 

of  motion  will  be  written  so  [47]: 


(6.75) 
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■  the  flow 
;  form 

1  (6.77) 


-±..'X'x(x,r,t)+-?--  Wx(x,r,t)  Wr(x,r,t)+-±-  WAx,r,t)Wr(x,r,t)= 

=Ux+g.r)- ~  P  (x>r,()-r  v  Wx  (x,r,()  + 

-S~  Wx(x,r,t)+-L  JL rr(x.r,f)1 ;  (6.79) 

dr!  r  dr  J 

~  WAx,r,t)  +-±-  Wf(x,r,t)  Wx(x,r,t)  -j- 
+  ~\V'r(x.i-,()  Wr(x,r,t)=Ur+gr) ~~  p(x,r,t)-{- 

+■7  ■y-O'.Cv.A-- j-UMa:, /■,/)].  (6.80) 

With  consideration  of  the  axisymmetrical  problem  in  equation  (6.80) 
one  should  accept  (/r+g,)=o.  During  examination  of  plane  problem 
from  the  right  side  of  equation  (6. 79)  the  last  term  is  excluded,  and 
from  equation  (6.80)  the  last  two  terms  are  excluded.  Now,  i.e.,  for 
plane  problem,  the  system  of  equations  will  be  written  so: 


i.ons 


\VX  (x.r,t)~(jx  -|-  frx) - L  JL  p(x,r 

0*  dx 

+v  [^^(^^)+~-^v(aw)]:  (6.81) 
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vr,  (x.rlt)=U, +Kr)~  ~  ~  PM)+ 
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Let  us  note  that  here  IF.  =0. 
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The  given  systems  of  equations  are  used  for  solution  of  various 

problems  of  applied  character.  After  formulation  of  the  problem  for 

calculation  '  r  research  one  should  estimate  the  value  of  separate 

terms,  and  those  which  have  a  nones3ential  effect  on  the,  result  of 

the  solution  should  be  dropped.  First  one  should  evaluate  the  role 

of  nonlinear  convective  terms  of  type  t-  VPx(x,r,  t)Wx(x,  r,  t)  and  those 

dx  '* 

3 ike  them.  Sometimes  it  is  possible  to  drop  the  second  derivities 
of  velocity  with  respect  to  %  411  this  simplifies  working  with 
equations. 
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Plane  problems  are  solved  easier  than  axi symmetrical,  but  for 
round  lines  the  solution  of  plane  problem  differs  from  the  solution 
of  axisymmetrical. 

'  Equations  contain  the  first  time  derivatives  from  two  variables, 
consequently,  it  is  necessary  to  prescribe  two  initial  conditions,. 

If  at  the  initial  moment  of  time  the  liquid  is  motionless,  then  the 
initial  conditions  will  be  written  so: 

Wx(x,  r,  0)  =0; 


Wr{x,  r,  0)=0. 


the  case  of  rapid  valve  opening  at  the  line  outlet  or  penetration  of 
the  diaphragm,  installed  there,  a  pressure  wave  appears,  running  at 
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first  in  the  direction  opposite  the  direction  of  motion  of  liquid. 

In  order  to  exclude  this  process  from  examination,  calculation  begins 
from  the  moment  of  time,  somewhat  different  from  zero.  In  most  cases 
at  this  moment  of  time  velocities  Wx  and  W ,  are  so  low  that  it  is 
possible  to  leave  them  in  view  of  condition  (6.84)  and:  (6.85). 

With  three  ‘variables  and  four  boundaries  it  is  necessary  to 
assign  twelve ^boundary  conditions. 

At  the  boundary  of  '’inlet”  (0,  r,  t)  there  is  assigned  constant 
dr  time  variable  pressure 


p(0,  r,  t)=Po(t). 


(6.86) 


The  diagram  of  inlet  velocities,  if  we  consider  any  section,  parallel 
to  the  axis,  and  passing  through  the  axis,  is  represented  in  the  form 
of  a  rectangle.  Consequently, 

i-r,( 0,r,*)=0;  (6.87) 

WT(0,r,t)=0.  (6.88) 


However,  having  examined  the  flow,  of  liquid  in  the  intake’ 
device,  it  is  possible  to  modify  the  laws  of  change  of  velocity 
components  at  the  line  inlet. 

If  when  using  the  net-point  method  condition  (6.87)  is  inconve¬ 
nient  and  incompatible  with  the  boundary  condition  at  boundary  "wall," 
at  the  point  of  connection  of  boundaries  "inlet"  and  "wall,"  then 
it  can  be  replaced  by  the  following  boundary  condition: 

r,(0,r, 0=^(0, 0,0U  -«-<*-'»),  (6.89) 


having  taken  a  rather  high  value  of  0. 
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The  dynamic  boundary  condition  at  the  "wall"  Will  be  written 
in  the  following  manner.  Tangential  stress  tr,x,  effective  in  liquid 
at  the  boundary  of  liquid  with  the  wall  ( x ,  R ,  t)  is  equal,  but 
opposite  in  sign,  to  tangential'  stress  let,  effective  on  the  wall, 
l.e.,  [73] 


!  !  —  lTer!  • 


Tangential  stress,  affecting  the  liquid'. 


(6.90) 


***** {—•  WMm + ±.  ri VX(X>R4)] ; 
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tangential  stress  on  the  wal-1 
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where  A  -  friction  coefficient;  mean  velocity 


(6.92) 


\  Wx(x,r,t)dr. 


(6.93) 


Thus , 


-  /> 

_  1  1 


T"~^  "sIrT  )i  ^/x(x>rd)dr. 


(6.9jO 


By  virtue  of  the  action  of  friction  forces  there  occurs  "sticking" 
of  liquid  to  the  wall,  which  allows  writing  these  boundary  conditions 


0: 


(6.95) 


(6.96) 


In  order  to  take  into  account  the  effect  of  wall  roughness,  wc  assign, 
viscosity,  changing  along  axes  x  and  r  [9*0. 
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At  the  boundary  ".axis”  (x,  0,  ()  with  the  presence  of  symmetry 


J-Wx(x,0j)=0; 


dr 


r,(*,o ,t)==6. 


(6.9.7) 


■(•6:98) 
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If  the  projection  of  accelerations  .</,+#)  is  norifcero,  then  the  ' 
symmetricity  of  flow  relative  to  the  axis  Is  disturbed.  Therefore, 
instead  of  two  equations  of  motion. 73)  and  .(6.80).  it  is  necessary 
to  have  three  equations  or  to  solve,  a -plane  problem,  using  equations  : 
(6.81),  (6.82)  and  (6.83).  '  '  • 

I  '■ 

The  solution  of  the  system,  consisting  of  three  equations  of 
motion  and  equation  of  continuity,  is  connected  with  considerable  ' 
difficulties ,  and  the  solution  to  the  problem  in  the  plane  variant 

leads  to  solutions,  the  errors  of. which  are  not 'always  possible  to’ 
evaluate. 

*  2 

If  the  projection  of  accelerations  (jr+gr)  is  .nonzero,  then,  ‘ 
inasmuch  as  the  symmetricity  of  flow  relative  to  the,  axis' is  disturbed, 
instead  of  the  "axis"  boundary  one  should  select  the  "wall"  boundary 
(x,  •/?,/).  in  this  instance  the  boundary  conditions  wiil  be  written.so: 


WAx,-R,  0=0; 
Wr(x,~R,t)--Q. 


(6.100) 

i 

(6.101) 

(6.102) 


Further  complication  of  the  problem  is  associated  with  the 
consideration  of  compressibility  of  liquid.  In  this  case  :the  equatioA 
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of  continuity  will  be  written  in  this  form:. 


~QM(x,r,t)  +  ±.  WAx,rt)+  V'r(x,r,t)  *~¥-W,{x,rjt)±0.  (6.10  3) ; 


’  The  initial  condition  can  be  prescribed  in  .the  form  of 

1  i  ' 


q(x,  r,  0)  =*<}o, 


where  go  —  initial  value  of  liquid  density.  .» 


(6.104) 


The  greatest  difficulties  appear  when  'determining  conditions 
‘  at  the.  "outlet"  boundary  (L,  r,  /).  .They  depend  on  the  specific  character 
of:  liquid  motion  during  passage  from  ’the  line  to  the  pump  inlet,  'to 
the  injector  assembly  of  the  combustion  chamber,' or  to  the  collector 
of  the  cooling  -jacket.  1  ,  ,  > 

The  dynamic  boundary  condition  with  the  presence  of  a  free 
surface  is  expressed  by  the  equality  of  normal  stress  in  liquid  on 
the  boundary  with  free  surface1  to  ambient  pressure  pQ  !on  the 
free  surface  Itself,  ;i.e.,  [73]  ,  !  i 


p> n»'3! — Po< 


(6.1050 


where  p„„  — -normal  stress  in  liquid  on  the  boundary  with  free  surface. 


moreover 


Pnn~-Po-~^[~  W't  V.<c,r ,'f,/)  j- -i-  ~  \Vr(x,r,9,t)r+ 
T  ~ WM-V.T.0]  +*  (n=x,r,?). 


6.5.  Simulation  of  Hydraulic  Plows 


(6.106) 


-  Phy6ica.l  phenomena  are  similar,  if  they  differ  only  in  scales  of 
quantities  and  functions,  which  determine  their  qualitative  character¬ 
istics.  In  order  to  formulate  the  conditions  of  similarity  of  liquid 
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flows,  it  is  necessary  to  have  an  equation  (or  system  of  equations), 
describing  motion,  and  to  know  the  boundary  conditions.  The  accuracy 
of  solution  of  the  problem  about  similarity  will  depend  on  how 
correctly  the  equation  reflects  the  physical  process,, "and  on  the  degree 
of  correspondence  of  boundary  conditions  to  the  actual  situation.  One 
should  be  guided  by  differential  equations  in  partial  derivatives, 
inasmuch-  as  they  characterize  the  change  of  parameters  both  with  time 
and  with  respect  to  coordinates.  The  differential  equation  of  motion 
includes;  velocity  components1  and:  their  derivatives ,  and'  also  terms 
which  characterize  various  forces,  affecting  the  flow.  Boundary 
conditions  reflect  the  time  and  geometric  characteristics  of  the 
duct.  Thus,,  conditions  of  similarity  are  determined  by  time,  geometric, 
kinematic  and  dynamic  factors. 

Geometrically  similar  flows  are  flows,  all  linear  dimensions  of 
which  are  proportional  to  each  other,  i.e..,  all  the  linear  dimensions 
of  one  flow  are  changed  an  identical  number  of  times  in  comparison 
with  the  corresponding  linear  dimensions  of  another  flow  [73]. 

Kinematically  similar  flows  are  flows ,  in  which  the  Velocities 
of  particles  at  all  similar  points  are  proportional  to  each  other. 

In  dynamically  similar  flows  the  particles  of  liquid  at  similar 
points  are  affected  by  forces  of  the  same  type,  i.e.'j  forces  of  the 
same  nature  (volumetric,  surface),  moreover  the  relationships  between 
all  similar  forces,  affecting  similar  points  of  these  flows,  pertaining 
to  an  unit  of  volume  of  liquid,  are  equal. 

If  the  noted  conditions  are  satisfied,  then  the  solutions  of 
equations  will  be  similar,  i.e.,  the  character  of  time  variation  of 
all  parameters  of  flow  at  similar  points  will  be  identical,  and  the 
values  of  the  appropriate  parameters  and  time  will  differ  only  in 
scale. 

For  realization  of  strict  simulation  it  is  necessary  to  provide 
similarity  of  equations,  which  describe  the  process  being  simulated, 
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and  the  similarity  of  boundary  conditions,  1.6. ,  initial  and  boundary 
conditions. 


However,  with  solution  of  engineering  problems  it  frequently 
proves  to  be  sufficient  to  provide  partial  similarity,  in  this  case 
there  is  allowed  the  nonfulfillment  of  a  number  of  conditions,, 
determined  by  theory.  Sometimes  we  are  limited  to  the  similarity  of 
processes,  being  characterized  by  the  change  of  averaged  values  of 
parameters  with  time. 

On  an  example  let  us  consider  the  method  of  obtaining  criteria 
and  conditions  of  similarity. 

Let  us  -assume  that  for  the  investigated  flow  in  real  piping  with 
a  sufficient  degree  of  accuracy  it  is  possible  to  accept  that  the 
motion  of  liquid  conforms  to  the  following  equation: 


C. 


dW. 


■dtu 


J-r,  JOHa-W 

'  C  "  dL  H 


=o, m(/+jpV- 


dPn 


din 


-e„v 


dWy 

dll 


(6.107) 


Between  the  parameters  of  real  and  model  flow  there  should  be 
constant  relationships,  determined  by  coefficients  a.,  moreover 


Qk  —  K'M  — Cw,r„;  ,  |  (6.108) 

(j +g)K=*elU- +,£)„:  p,=--cpPu  ,  etc.  J 


By  substituting  in  natural  equation  (6.107)  the  values  of  parameters 
from  equation  (6.108),  we  obtain  an  equation  for  model  flow: 


Mu 


a/« 


dll 


(6.109) 


The  conditions  of  similarity  of  nature  and  models  can  be  expressed 
by  different  means.  Frequently  the  conditions  of  similarity  are 
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expressed  in  the  form  of  criteria  of  similarity,  and  sometimes  in 
the  form  of  relationships  of  separate  parameters  or  their  combinations, 
if  this  proves  to  be  convenient  during  the  solution  of  a  particular 
problem. 


The  equations  of  nature  and  model  will  be  similar j  if  the  factors, 

enclosed  in  brackets  [  ],  are  equal.  It  is  possible  to  equate  all 

coefficient  to  each  other  or  divide  by  some  constant  coefficient  so 

as  to  obtain  new  coefficients  in  dimensionless  form  after  division, 

and  then  to  equate  them  together.  If  as  the  divider  we  select  one 

of  the  coefficients  of  equation  (6.109),  theji  we  receive  a  number  of 

dimensionless  coefficients,  equal  to  one.  Let  us  subdivide  all  the 

coefficients  of  equation  (6.109,)  by  a  second  coefficient,  i.e.,,  by 

,c  c*  -  we  obtain 
«  c  ’ 

(6.110) 

tfiw  e/v  Wv 

Hence  follows: 


S!£*..=  1.  (6.111) 

Ci  ejct  e„  c. 

By  substituting  in  these  equations  the  values  of  parameters  from 
system  (6.108),  we  find  the  conditions  of  similarity: 


h  Ik  (J  +  S)x  lx  (J  ■+•  g)»  1* 

WJ*  WUIH 

CkW'h  QkW'm  V„  '  v„ 


(6.112) 


The  conditions-  of  similarity  (6.112)  are  criteria,  which  should  be 
identical  (idem)  for  nature  and  the  model.  The  homochromicity  number 
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Froude  .number 


F=- 


r* 


=!dem. 


and  usually  it  is  written  so  [73]  :  F— -22.; 
Euler  number 


Reynolds  number 


(6.114) 


(6.115) 


(6.116) 


With  simulation  of  processes  in  liquid-propelleant  rocket  engine 
units  [ZhP.D]  (WP,4):  the  criteria  of  similarity  are  conveninetly 
expressed  through  flow  rate 


In  this  case  we  obtain 


G—FWq. 


Idem; 

IFq 
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~Ul+g)F*W 

E__Z^.~idem; 
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^Idem; 
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=  idem. 


(6.117) 


(6.118) 


During  solution  of  problems  of  practical  character  it  is  necessary  to 
select  combinations  of  criteria  (6.118),  which  correspond  to  specific 
requirements  of  operation.  Let  us  assume  that  it  is  necessary  to 
impose  requirements  on  the  pipeline,  which  connects  the  tank  with 
the  engine  on  the  firing  stand.  Tests  should  be  conducted  in  natural 
condition^,  lie.,  time  of  operation,  flow  rate  of  propellant  and 
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the  propellant  components  on  the  stand  should.be  the  same  as  on  the 
rocket.  Consequently 


'c=/,;  Gz=G+ 


(6.119) 


Having  multiplied  the  homochronicity  number  (criterion)  by  the 
Euler  number  (criterion) we  obtain 


H*E=-££-=ldem. 

at 


(6.120) 


With  consideration  of  system  (6,119)  we  can  obtain  two  moire  such 
conditions : 


Pc—P'r 

Pc  P,  * 


(6.121) 

(6.122) 


By  multiplying  the  Euler  number  by  the  Roude  number,  we  find 


EF=— Idem. 
(J  +  g)Ut 


(6.123) 


Thus,  it  is  necessary  to  satisfy  condition 


(/+*)’*/*-  (/+y)p/p. 


(6.124) 


If  (j+8)c*=(j+g)t,  then  Zc-=/p  and  according  to  equation  (6.122)  we 
obtain  Fe=Fp. 


If  -J?c  is  not  equal  to  then  it  is  possible  to  satisfy  condition 
(6.124)  only  when  /+g-0. 
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6.6.  The  Peculiarities  of  Intrachamber  Processes 
.  During  Bench  Tests  andTln  Plight  Conditions 

During  operation  of  an  engine  on  a  rocket,  in  flight.  Intrachamber 
processes  sometimes  do  not  occur,  as  during  tests  on  a  firing  stand. 
This  is  explained  by  a  number  of  differences-  of  conditions  of  bench¬ 
testing  and  in  flight. 

In  most  cases  the  layout  of  the  feed  isystem  of  the  stand  and 
its  working  conditions  differ  from  those  accepted  in  the  rocket.  The 
stand  is  designed  for  repeated  conducting  of  tests,  therefore  thick- 
wailed  lines  are  used,  the  length,  diameter  and  configuration  of  which 
are  different  than  the  rocket. 

Under  the  action  of  geometrical  factors  In  a  transient  process 
the  component,  ratio  can  rather  deeply  deviate  from  nominal.  On  the 
stand  are  used  reusable  valves,  additional  filters,  measuring 
instruments,  etc.,  are  installed.  All  this  reflects  the  feed 
conditions  of  propellant  components  into  the  combustion  chamber. 

The  rigidity  of  mounting  the  engine  on  the  stand  and  in  the 
rocket  is  different,  therefore,  vibrations  appearing  during  operation 
of  the  engine  differently  reflect  the  character  of  occurrence  of 
intrachamber  processes. 

In  flight  under  the  effect  of  external  mass  forces  the  rate  of 
Increase  of  pressure  in  the  chamber  and  the  acceleration  of  motion 
of  liquid  burning  particles  of  propellant  are  different  than  on  the 
stand. 

Let  us  examine  the  effect  of  replacement  of  volumetric  force 

Pv  =  U+g)l  (6.125) 

by  equivalent  surface  force 

(6.126) 
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=  (6.127) 

»  djfi  ^  1  ; 

With  the  action  of  surface  force  the  density  of  liquid  does  not  change 
along  the  length  of  the  tube  and  is  equal  to  »*•  The  force,  compres¬ 
sing  the  liquid.  With  the  presence  of  external  volumetric  force 

PVx=F9mU+g)x.  (6.128) 


The  increase  of  pressure 


iPv^QxU +«)■*•  (6.129) 

Consequently,  the  liquid  density 

[  t +'*£*  U + g)*\  i  (6.130) 


where  E w  —  modulus  of  elasticity  of  liquid.  In  case  of  the  action 
of  pressure  forces  with  sinusoidal  disturbance  of  density  in  the  form 

AC*  sin  (y*). 

the  initial  conditions  will  be  written  so: 

<?*(*, 0)==e*  +  Ae«sin  (y 

d  ,  „  v  ’  (6.131) 

y  0«(JC.0)=Acw»cos  i 

Here  u  —  frequency;  \  —  coefficient  of  equation  (6.127)*  With 
external  mass  forces 


(6.126) 
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[ 1 + </+*)*]+**. 4,n  (tx)  ; 

~  e,(x.O)  = (/  -r  £)+  A0*“  cos  (•—  . 


(6.132) 
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Inasmuch  as  initial  conditions  (6. 131)  differ  frori  conditions  (6.132), 
then  the  solution  of  wave  equation,  written,  for  example,  in  the 
form  of  equation 


c(x,/)=i4co*^Y<+^)  cos 


(6.133) 


By  ex| 


with  the  presence  of  pressure  forces  will  differ  from  the  solution, 
in  which  external  mass  forces  are  considered. 
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6.7.  Balance  of  Pressures  for  the  Tank-Combustion 
Chamber  Hydraulic  Circuit 


The  motion  of  liquid  is  examined  in  some  section  of  the  line, 
inside  which  for  parameters  their  mean  values  are  taken.  As  the 
basic,  let  us  take  the  one-dimensional  equation  of  motion  in  the  form 


•1 

Accorc 


&-U+g)+r-  r-'^=0- 

e*  ox 


(6.13*0 


In  engineering  formulation  in  accordance  with  accepted  assumptions 
we  will  have  [67] 


inasmu 
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ihur-(/+  g)  8*4-— ip  -  wm*=o. 
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(6,135) 


Thus , 


For  the  entire  hydraulic  circuit  with  length 


.instead  of  expression  (6.135)  we  receive 


(6.136) 


QKj  Wdx-Qx  |  (j-\-g)dx-\-  $dp-Qx\j  vWdx= 0. 


(6.137) 
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(6.135) 
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(6.137) 


Equation  (6.137)  represents  the  balance  of  pressures  on  a 
section  from  the  tank  to  the  chamber.  The  addend  expresses  the 
pressure^  equivalent  to  mass  forces. 


/V--=e*  j  *dx. 


(6.138) 


By  expanding  the  expression  of  substantial  derivative,  we  obtain 


p*=».  \  «*+«.  ^ 


dW 


(6.139) 


Considering  the  increases  of  velocity  in  the  cross  section  and  along 
the  length  of  the  duct  independent  from  one  another,  we  obtain 


Pw=Q*\~~dx+QK\  \ VdW.  (6.140)= 

o  r, 

According  to  the  equation  of  continuity  it  .is  possible  to  write  that 


iixr  o 

'  it  x)Q* 


(6.141) 


inasmuch  as  the  flow  rate  of  incompressible  liquid  in  a  rigid  line 
does  not  depend  on  the  length  and,  consequently,- 


dt  dt 


(6.142) 


Thus , 


Pvr=G  \  —*—+Qa 

Fv  i  F(x)~*  2 


(6.143) 


The  addend  of  the  *right  side  of  equation  (6.143)  characterizes 
pressure,  equivalent  to  mass  forces,  appearing  with  change  of  the 
flow  rate  with  time,  i.e.. 
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the  augend  represents  the  change  of  pressure which  appears  due  to 
change  of  the  kinetic  energy  of  flow,  under  the  effect  of  geometric 
•factors : 


Pl=Q* 


(6.145) 


With  the  aid  of  the  equation  of  continuity  equation  (6.145)  can  be 
written  so: 


Pressure,  equivalent  to  external  mass  forces, 

i 

pj=?Q«  f  (/+£)**• 
o 

Inasmuch  as  (}+g)  does  not  depend  oh  x,  then 


where 


(/+«)«  Vx+gx, 


(6.146) 


(6.147) 


(6.143) 

(6.149) 


Vx  -  projection  of  acceleration  V  to  axis  .v;  gx  -  projection  of  . 
acceleration  of  gravity  to  the  same  axis.  Thus, 


Pi-(lm(Vx+gx)l-  (6.150) 

The  following  integral  (6.137)  is  the  difference  of  external  pressures. 
With  the  presence  of  tank  pressurization  p6  and  with  excess  pressure 
pH,  created  by  a  pump, 


J  dp=~ J  dp-p6+pK~pK,  (6.151) 

p,  Pe+P* 
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where  pH  —  pressure  in  the  chamber.  The  last  integral  (6.13?) 
characterizes  hydraulic  losses: 
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A/>=  -qxv  j  vWdx. 


(6.152) 


Thus,  the  balance  of  pressures  (6.137)  can  be  written  so: 


Pfi  +  pn—Px—pG—PL—hp  —  0. 


( 6../15  3 ) 


The  equation  of  balance  of  pressures  can  be  derived  different, 
having  taken  as-  the  basis  the  law  of  conservation  of  energy  in  the 
form 


dLcl^0,  (6.15*0 

where  dUt  -  elementary  work,  being  performed  over  the  liquid;  dUi  - 
elementary  work  of  resistance  forces. 

Elementary  work 


force 


dLt=Pidx\ 


(6.155) 


Pt=p,F- 


(6.156) 


Inasmuch  as 


(6.157) 


then 


dLt=PiFWdt, 


(6 . 158) 


Where  p  .  —  the  appropriate  pressure.  For  incompressible  liquid 
1> 

/ru/^JL^idem,  (6.159)’ 

I'x 

l.e.,  it  is  constant  along  the  length  of  the  duct.  By  substituting 
expression  (6.158)  in  equation  (6.154)  and  bearing  in  mind  equality 
(6.159),  after  division  of  both  sides  of  the  equality  by 

—  dt' 

•  QK 

we  receive 

2fti-2/>c,=0.  (6.160) 

Having  determined  the  active  specific  forces  (pressures  pt{  )  and  the 
specific  forces  of  resistance  (pel),  we  arrive  at  balance  (6.153). 

6.8. 

Let  us  examine  pressure  pa,  equivalent  to  mass  forces,  appearing 
with  change  of  the  flow  rate  with  time  [67]. 

For  a  complex  duct,  in  which  elements  with  characteristic  cross- 
sectional  areas  are  series-connected, 

(6.161) 

i  o 

or 

Pc=b6.  (6.162) 


Determination  of  Separate  Components  of 
Pressure  Balance 
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(6.jl62) 


For  each  element  of  the  duct  it  is  possible  to  calculate 


■-) 


dx 


1  J 

0 


(6.163) 


Consequently,  for  the  whole  duct 


(6.1610 


Let  us  determine  the  coefficient  of  internal  mass  forces  for  a  number 
of  particular  cases. 

1.  Channel  of  constant  section  — 


(6.165) 


2.  Duct,  consisting  of  n  series-connected  segments  of  constant 
section,  - 


‘-E-7T 


(6.166) 


3.  The  segment  of  the  line  with  radius  r  and  length  l  - 


b «- 


W! 


(6.167)' 


iJ.  Duct,  consisting  of  «  3eries-connected  lines,  characterized 


by  dimensions  l  •  and  r.,  - 

V  V 
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(6.173) 

■essure 

(6.171*) 


Where  e  —  resistance  coefficient.  Consequently , 


(6.175) 


6.9.  Pilling  of  Hydraulic  Lines 

During  preparation  of  an  engine  for  starting  a  number  of 

preliminary  operations  are  performed,  the  content  and  sequence  of 

which  depend  on;  the  engine  layout,,  the  tactical  and  technical  problem 

of  rocket  launch,  the  peculiarities  of  propellant,  the  working 

conditions  of  the  engine  and  other  factors..  Some  operations,  however, 

are  typical  for  many  liquid-propellant  rocket  engines.  They,  in 

particular,  include  filling  of  lines  with  propellant  components  during 

or  after  the  opening  of  the  main  valve  [67].  The  features  of  filling 

of  the  line  depend  on  the  mode  of  valve  opening,  the  increase  of 

pressure  before  the  valve,  characteristics  of  propellant  component, 

lines  and  element S'  of  the  line.  Depending  on  the  change  of  flow 

rates  of  liquids  with  time  the  conditions  of  their  arrival  into  the 

combustion  chamber  are  determined.  They  are  evaluated  by  values  of 

flow  rates  and  component  ratios  at  the  moment  of  their  entry  into  the 

combustion  chamber,  at  the  moment  of  ignition  and  during  the  progress 

of  the  engine  to  steady  state.  It  is  understandable  that  after  the 

* 

ignition  of  propellant  the  motion  of  components  will  depend  not  only 
on  the  parameters  of  the  feed  system,  but  also  on  the  parameters  of 
the  combustion  chamber. 

Let  us  examine  the  motion  of  one  of  the  components  from  the 
main  valve  or  blowout  diaphragm  to  the  injector  edge. 

For  any  moment  of  time  the  equation  of  balance  of  pressures  of 
the  hydraulic  line  can.  be  written  so: 

p  Ap  po  Pn™0,  (6.176) 

where  p  -  pressure  before  the  valve j  Ap  -  hydraulic  losses  in  the 
line,  being  filled  with  liquid;  pG  -  pressure,  equivalent  to  mass 
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forces;  pR  —  pressure  in  the  hydraulic  circuit  before  the  liquid. 

flow  front.  At  momei 


Pilling  of  the  line  with  high-boiling  component 

For  determination  of  hy.draulib  losses  bp,  which  appear  during 
motion  of,  liquid  through  the  flow  duct  of  an  arbitrary  section,  let 
us  use  known  relationship 


Ap-aG*.  (6.177) 

With  filling  of  the  duct  with  liquid  to  each  moment  of  time  t 
there  corresponds  the  current  value  of  l  of  the  section  of  the  duct , 
already  filled  with  liquid.  Therefore,  let  us  represent  the  coeffi¬ 
cient  of  hydraulic  losses  by  product 


a«a*/,  (6.178) 

where  a*  -  the  value  of  the  hydraulic  loss  coefficient  for  a  unit 
of  length  of  the  flow  duct . 

For  determination  of  this  coefficient  we  have 


a* 


2C,rf^J  * 


(6.179) 


where  X  -  friction  coefficient;  F  -  cross-sectional  area  of  the 
TP 

duct;  d3  -  equivalent  diameter: 


H  -  duct  perimeter. 


Let  us  examine  the  motion  of  liquid  through  a  round  tube. 
Here  F=-~d a;  n=n</,  consequently, 


By  substituting  values  of  F  and  dg  in  equation  (6.179),  we  find 


_.  8  x 

a  — » 


For  det 


In 

lengthw, 
will  be 


0nJ 


consequl 


By 

the  int 


and  finj 
Th 

nozzle 


259 


(6.180) 


liquid 

•  during 
;ion,  let 

(6.177) 

*  time  t 
the  duct, 
le  cbef fi- 

(6.178) 
a  unit 

(6.179) 

of  the 

be. 

,  we  find 

(6.180) 


n 

$ 


At  moment  of  time  t  the  liquid  will  fill  a  line  at  length 


i 


Gdl. 


(6.181) 


For  determination  of  hydraulic  losses  now  we  have 


Ap=-~  — —  G*  V 
a*  oL/T  J 


Grff. 


**  „ 


(6.182) 


In  a  more  complex  duct  the  cross-sectional  area  is  changed 
lengthwise  and  the  volume ;  filled  with  liquid  at  moment  of  time  t, 
will  be 


On  the  other  hand, 


consequently. 


U=—  V  Gdt. 

Q*  J 


t 

F (/)<*/, 

9 


\  \  OH. 


(6.183) 


By  knowing  the  geometry  of  the  flow  duct,  one  shbuld  determine 
the  integral  of  volume 

j  F(j)dl 

and  find  the  evident  relationship  of  F  to  Z. 

Thus,  for  instance,  for  the  conical  part  of  the  flow  duct  of  a 
nozzle  the  current  value  of  the  nozzle  radius 


r=/sin-y-, 
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where  l  -?  length  of  the  flow  duet;  a  -  the  total  nozzle  cone  angle. 


The  current  value  of  cross-sectional  area  of  the  duct 


F(0-2jvA, 


where  A  —  width  of  annular  flow  duct  (cooling  clearsmce),  or 


/?(/)=2KA/sfa-f-. 


On  a  certain  section  of  the  duct  from  ZQ  to  t: 


(6.184) 


|  * 

^  F(f)<tf=  at  sin  -J-  nidi. 


(6.185) 


If  the  width  of  the  flow  duct  is  constant,  then' 


F(l)dl=*«n  S\n  -f  (P-P0). 


(6.186) 


By  substituting  the  value  of  integral  of  volume  in  equation 
(6,183),  after  transformation  we  find 


•y |  “+'!• 


(6.187) 


The  equivalent  diameter  for  annular  duct 


4- 4A, 


consequently. 


32nJo,AS/5  ^*ln  -j- 


(6. 188) 
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A 
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one  angle. 

i 

i 

C 

I 

or 

(6.184) 

(6.185) 

(6.186) 

uation 

,  (6.187) 


(6.188) 


Inasmuch  as  here  a*  *  f  (l) ,  then 


bp— 


J  a'dt. 


(6.189) 


By  substituting  the  value  of  a*,  we  find 


A  P=- 


l 


or 


A/>= - - - - - G1  (— - 

aWM*  ' /o  ' 


(6.190) 


(6.191) 


where  Z  -  is  determined  by  formula  (6.l8l). 


Pressure,  being  used  for  overcoming  mass  forces. 


'«=<i  S  i  Tm 


(6.192) 


For  a  line  of  constant  diameter 


,  _  ‘5$—  V  c<//. 


(6.193) 


By  substituting  values  of  Ap  and  po  from  equations  (6.182)  and 
(6.193)  in  expression  (6.176),  we  obtain 


p~Pn^~  -bZiZ+-~r*z' 
"}  eld7  rf*)*** 


where  Z=j  Gdt 


(6.194) 

(6.195) 
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Let  us  examine1  the  graphical-analytical  method  of  solution  of 
equation  (6,194).  If  we  accept 


Consequent 


(p —?*)**&? 


*'~T 


(6.196) 


(6.197) 


Taking  in 
written  s 


then  equation  (6.194)  will  be  written  so: 

zip 


(6.198) 


After  sepl 
integral  I 


(6.199) 


To  each  moment  of  time  corresponds  a  fully  determined  value  of  Z 
and  its  derivatives.  Consequently,  equation  (6.199)  is  expanded  into 
two  equations: 


_2! _ a- 


ajZ- \-fr=A. 


(6.200) 


(6.201) 


The  region  of  change  of  A  can  be  determined  according  to  equation 
(6.200),  which  is  written  so: 


A— r21-. 

j  Odt 


(6.202) 
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V  * 

using  cur 
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flow  rate 


To  the  least  value  of  t  corresponds  A  •  A  The  least  value 

r  max 

of  A  *  4m^n  i3  determined  according  to  the  condition  of  filling  of 
the  whole  hydraulic  duct  with  liquid,  the  volume  of  which 


V/  =  —  \  Gdt. 

fi*  » 


(6.203) 


on  of 

(6,196) 

(6.197) 

’(6.198) 

« 

(6.199) 

ilue  of  z 
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(6.200) 
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;  value 
■ng  of 

(6.203) 


Consequently) 


- y~9x> 


(6.20k) 


Taking  into  account  that  Z  ■  G,  Z  *  /  Gdt,  equation  (6.201)  is 
written  so: 


o,6-fG*=A. 


(6.205) 


After  separation  of  variables  and  integration  we  arrive  at  tabular 
integral 


<ta 


A-(n 


(6.206) 


By  solving  equation  (6.20 6).,  let  us  construct  graph  G  with  respect  to 
t  for  several  selected  values  of  A,  which  lie  from  A  to  >4  The 
area,  limited  by  curve  G(t)  and  calculated  for  various  randomly  selec¬ 
tive  values  of  t ,  allows  constructing  a  graph  of  Z  with  respect  to  t 
also  for  various  (selected  earlier)  values  of  A  (Fig.  6.3).  But  to 
every  value  of  A,  as  follows  from  equation  (6.200),  corresponds  one 
value  of  Z.  Now  on  the  graph  of  function  Z(t)  let  us  plot  the  values 
of  Z,  obtained  from  equation  (6.200).  By  connecting  points  a,  b3  o 3 
plotted  on  the  graph,  to  a  smooth  curve,  we  find  th^  final  solution  of 
equation  (6. 198)  in  the  form  of  graph  Z  =  f(t)A.  Thus,  by  points  a, 
b,  a  for  the  accepted  quantities  of  A  we  can  find  a-  number  of  values 


V 


V 


Now,  by  transposing  values  t 


a*  V 


ta  to  graph  G(t)  and 


using  curves  G  with  respect  to  i,  corresponding  to  various  values  of 


A ,  we  find  flow  rates  G a, 


and  construct  the  relationship  of 


flow  rate  to  time  in  the  form  of  G  *  9(t). 


Fig.  6.3.  For  the  graphical 
analytical  solution  of  equation 
(6.194). 
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Filling  of  lines  with  low-boiling  component 

During  motion  of  cryogenic  liquids,  as  a  result  of  heat  exchange 
with  the  wall  a  certain  quantity  of  liquid  will  be  vaporized.  The 
vapors  occupy  as  if  three  regions.  Part  of  the  forming  vapors  is 
before  the  front  of  the  moving  component  and  creates  some  counter¬ 
pressure  in  the  line  in  the  region  between  liquid  and  the  injector 
edge.  On  the  initial  section  of  moving  liquid  there  can  be  formed 
a  region  of  film  boiling,  and  following  it  -  a  region  of  nucleate 
boiling.  However,  the  character  of  vaporization  will  depend  on  the 
thermal  properties  of  the  line,  the  properties  of  cryogen,  the 
velocity  of  its  motion,  the  amount  of  counterpressure,  etc.  The  • 
conditions  of  liquid  motion  are  determined  now  not  only  by  the 
pressure  balance  (6. 176),  but  also  by  the  equation  of  law  of  conser¬ 
vation  of  vapor-gaseous  phase  in  the  form 

>Wo->V-0,  (6.207) 

where  Ym  -  mass  of  vapors,  formed  as  a  result  of  gasification  of 
component;  YQ  —  the  quantity  of  gas  and  vapor,  located  in  the  line; 

Y  -  the  quantity  of  vapor-gaseous  mixture,  escaping  through  the 
injectors  during  filling  of  the  line  with  liquid. 

The  wall  temperature  of  the  line  varies  from  initial  value  2’ctq 
to  a  temperature,  practically  equal  to  the  liquid  temperature,  on  a 
rather  short  section  of  path.  If  we  consider  that  the  liquid 
temperature  T  is  equal  to  the  boiling  point  2V  and  that  the  transition 
from  2"ctq  to  Tg  has  an  intermittent  character,  then  heat,  given  off 
by  the  wall, 

q —ndl^r  „  (Tc,0— T,),  (6.208) 

where  l  -  length  of  the  line,  filled  with  liquid  at  moment  of  time  t. 
Inasmuch  as  the  liquid  is  at  the  boiling  point,  then  all  the  heat  q 
is  spent  for  converting  the  liquid  into  vapor,  i.e., 

q—Y  «/*•  (6.209) 
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lx change 


where  r*  -  latent  heat  of  vaporization.  By  equating  the  right  sides 
of  equations  (6.208)  and  (6.209),  we  find 


y fjj ctO  —  T t)  . 

'  m  :  TT  *• 


(6.210) 


Inter- 


The  path,  being  passed  by  the  liquid  front. 


In  the 


/— — Gdt. 

xdi qx  J 


Consequently, 


(6.211) 


r 

y _ 4AofTCCT  (T',0~-T,)  f '  ft  (jf 

"  '  r*cMrf  J 


(6.212) 


15.207) 


Having  taken  the  derivative  with  respect  to  t,  we  find 


V  4  ^CcT^CT  (f  CTO  *~^*)  q 

m~  f'M 


(6.213) 


line; 


The  quantity  of  vapors  in  the  line  is  determined  by  the  equation 
of  state: 


v _ P”Vn 

,0”«r7- 


(6.214) 


'ansltion 
i  off 


The  free  volume  in  the  line 


Vo=V»—  —  \Gilt, 

C*  J 


(6.215) 


1.208) 


where  V  —  initial  volume  of  line.  Therefore 

H 


ime  t . 


Y  T,  Pv: 


(6.216) 


Consequently , 


(6.217) 


Being  guided  by  a  small  pressure  drop  on  the  injectors,  we 
accept 


yH=G,=^V^APa-P.l  (6,218) 

where  pK  —  .pressure  in  the  chamber;  Qr  —  gas  density: 


(6.219) 


Consequently, 


?*—¥■  pj.  (6.220) 

Now  the  initial  equation  of  the  3-aw  of  conservation  of  mass 
assumes  the  form 


(6.221) 

Equation  (6.221)  contains  two  variables:  pn  and  Z  and  their  deriva¬ 
tives.  Therefore,  the  considered  equation  should  be  solved  together 
with  the  equation  of  pressure  balance  (6.176). 

As  already  mentioned,  in  actuality  the  process  of  change  of  the 
wall  temperature  from  its  initial  value  !Tct0  to  final,  equal  to  Tg, 
proceeds  with  time.  Consequently,  there  is  a  section  of  the  tube, 


(6.217) 


we 

(6.218) 


(6.219) 

(6.220) 

lass 


(6.221) 

deriva- 

;ogether 

i  of  the 
to 

tube, 


along  the  length  of  which  the  wall  temperature  is  variable.  The 
beginning  of  this  section  approximately  coincides  and  moves  with  the 
front  of  liquid,  and  the  region  of  lowest  temperatures  is  arranged 
from  the  liquid  front  to  the  side  opposite  the  direction  of  motion 
of  liquid.  To  every  current  value  of  temperature  2’ct  there  corresponds 
its  distance  measured  from  the  liquid  front;  besides  this,  every 
value  of  T  .  will  characterize  a  definite  intensity  of  gas  formation. 
Let  us  derive  the  equation  for  constructing  the  graph  of  function 

T CT  M  • 


Heat,  transferred  from  the  wall  to  liquid; 

Q=aFn(Tc,-Tt).  (6.222) 

The  heat  transfer  coefficient  depends  on  particular  conditions  of 
heat  exchange.  On  the  path  of  gas  formation  the  intensity  of  heat 
exchange  varies,  and  when  conducting  detailed  research  it  is  necessary 
to  separately  examine  the  regions  of  film,  nucleate  and  liquid  heat 
exchange.  Let  us  be  limited  to  the  case  when  it  is  possible  to 
accept 


a~AG*,  (6.223) 

moreover  for  separate  time  intervals  A,  m,  they  are  'assigned  in  the 
form  of  constant  quantities.  Mass  of  the  wall  being  cooled 

(6.224) 


heat,,  given  off  by  the  wall, 


Q*m~Yercer  . 


(6.225) 


By  equating  the  right  sides  of  equations  (6.211)  and  (6.214).,  we  find 


di  - 


OcT^CT*^  dTct 

'  AGm  T„-T,' 


(6.226) 
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After  integration  We  obtain 


f  — SsiisdL  in 


AOm  Te,-Tt 


(6.227) 


We  find  this  time  by  using  the  equation  of  continuity 


t~*£a*x. 

4 Ci 


(6.228) 


By  equating  the  right  sides  of  equations  (6.227)  arid  (6.228),  we 
find  the  length  of  the  section,,  on  which  the  wall  temperature  is 
changed  from  2^  Q  to  Ts‘. 


x==BinT^S~h,. 

)T„-.TS 


(6.229) 


where 


[>„  .  ~*Cc:cct^  Ql— n 


(6.230) 


By  raising  formula  (6.229)  to  power,  after  transformations  we  obtain 
the  sought  expression  for  constructing  the  graph  of  function  7ct(*) 
in  the  form 


(6.231) 


With  a  blister  being  formed  on  the  surface  of  the  wall  of  boiling 
the  coefficient  of  heat  emission  can  be  determined  by  an  equation, 
obtained  on  the  basis  of  the  theory  of  heat  transfer: 


+r£(,+iib“)c- 


(6.232) 
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Here  coefficient  is  calculated  under  the  assumption  of  only  liquid 
cooling: 


a 


■4  . 

ldl~m 


Pr*. 


'  o. 

The  relative  quantity  of  vapors  X”  where  Ga,  Gm  -  the  flow  rate 
of  vapor  and  liquid' in  the  considered  section  of  the  line.  With 
nucleate  boiling  0<%<X*p-  If  x>Xkp»  then  film  boiling  appears ,,  at 
which  the  coefficient  of  heat  emission  sharply  drops.  The  value  of 
Xkp  is  determined  experimentally. 


With  nucleate  boiling  the  liquid  velocity  is  increased  due  to 
constraint  of  the  flow  duct  by  bubbles  of  vapor;  this  is  considered 
by  the  addend  of  equation  (6.232).  The  augend  considers  the  increase 
of  the  coefficient  of  heat  emission,  which  appears  because  of  pre¬ 
heating  and  vaporization  of  part  of  the  cooling  liquid,  the  relative 
quantity  of  which  is  equal  to  x*  Turbulization  of  flow  by  bubbles 
of  vapor  is  considered  by  exponent  m,  determined  experimentally. 


obtain 

T  CT  (*) 


(6.231) 
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CHAPTER  VII 

TURBOPUMP  UNIT 

A.  CENTRIFUGAL  PUMP 

One  of  the  most  important  units  of  the  feed  system,  which 

provides  motion  of  propellant  components  along  the  hydraulic  passage, 
,  ^  ,  -  •»  * 
is  the  centrifugal  pump.  The  pump  is  actuated  from  a  turbine  and 

at  nominal  revolutions  provides  the  design  head  (pressure)  and  the 

required  flow  rate.  With  deviation  from  nominal  revolutions  both 

the  head  and  flow  rate  are  changed.  While  maintaining  nominal 

revolutions,  but  with  change  of  head  the  flow  rate  changes.  In 

all  these  cases as  a  rule,  the  power  consumed  by  the  pump,  and 

its  efficiency  are  changed. 

The  change  of  operating  conditions  of  the  pump  is  caused  by 
various  factors,  which  can  be  divided  into: 

a)  depending  on  the  characteristic  of  the  turbine  and  the 
peculiarities  of  its  operation; 

b)  depending  on  the  parameters  of  hydraulic  lines  and 

pressurized  systems;  . 

c)  depending  on  parameters  of  the  pump  itself. 

The  pump  parameters  are  selected  while  designing  and  are 
refined  experimentally.  Under  nonsteady  conditions  they  vary 
with  time.  Small  systematic  deviations  from  nominal  values  are 
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passage, 
and 
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associated  with  the  action  of  external  factors,  and  they  can  also  be 
caused  by  industrial;  technological  and  operational  factors. 

The  study  of  nonsteady  operating  conditions  of  an  engine  and 
the  effect  of  external  and  internal  influences  is  impossible  without 
knowledge  of  the  interconnection  between  power,  consumed  by  the  pump, 
its  efficiency  created  by  head  and  flow  rate  of  liquid.  This 
interconnection  is  a  characteristic  of  a  centrifugal  pump. 

The  complexity  of  mathematical  expression  of  the  characteristic 
depends  upon  the  accepted  theory  and  the  assumptions  made,  which  in 
turn  are  determined  by  the  purpose  of  research  and  by  the  required 
accuracy  of  calculation.  In  this  work  is  discussed  one  of  the  possible 
engineering  methods,  making  it  possible  to  obtain  the  solution  in  the 
form  of  convenient  calculation  formulas. 

7*1.  Head.  Created  by  the  Pump 

During  operation  of  the  turbopump  unit  [TNA]  (THA)  to  the  pump 
shaft  which  revolves  with  angular  velocity  ur,  there  is  applied 
torsional -moment  #.  Elementary  energy,  transferred-  by  the  turbine 
to  the  pump,  will  he 


dE—Madt . 


(7.1) 


If  all  the  mechanical  energy,  supplied  to  the  pump,  is 
transformed  into  energy  of  liquid  flowing  through  the  pump,  then 


dE=H,Gdt, 


(7.2) 


where  H ^  -  theoretical  head,  created  by  the  pump;  G  -  mass  flow 
rate  of  liquid  per  second. 

Inasmuch  as 


Gdt-dm, 


(7.3) 


'  —w- 


f 


then 


Thus,  the  theoretical  head  is  equal  to  energy,  supplied  to  the 
pump  and  pertaining  to  a  unit  of  mass  of  liquid. 

By  equating  the  right  sides  of  equations  (7.1*)  and  (7.2),  we 

find 


LJ  Afu 

.  The  actual  head,  created  by  the  pump, 

where  the  pump  efficiency 
•  • 

‘>.=VUV  •  (7.7) 

Here  ijv.  -  efficiency,  considering  volumetric  losses,  i.e.,  the 
leakage  of  liquid  from  the  flow  area  or  the  presence  of  dead 
(parasitic)  circulation;  *1*  -  efficiency,  considering  hydraulic 
losses  in  the  flow  passage;  -  efficiency,  considering  losses, 
which  appear  due  to  mechanical. friction. 


(7.5) 


(7.6) 


■  From  the  theory  of  centrifugal  pumps  it  is  known  that 


n,=/(w,G,»). 

Now  equation  (7.5)  can  be  rewritten  so: 


It  is  known  that  power 


(7.8) 


(7.9) 


(7.10) 
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(7.4) 
a  the 


we 


(7.5) 


(7.6) 


(7.7) 


c 

3, 


(7.8) 


(7.9) 


Consequently,  power,  supplied  to  the  pump  from  the  turbine. 


(7.11) 


The  actual  head,  created  by  the  pump,  under  steady  state 
conditions  is  made  up  of  static  head 


(7.12) 


and  dynamic  head 


(7.13) 


(px» 

pump 


Usually  we  measure  pressures  and  velocities  at  the  pump  inlet 
Cj^)  and  at  the  pump  exit  (p2,  c2).  The  increase  of  head  in  the 


Hn 


Pi— Pi 

8m 


(7.14) 


With  nonsteady  conditions,  i.e.,  with  change  of  angular  velocity 
of  the  impeller  with  time,  moment  ft  ,  imparted  to  liquid  by  the 
impeller,  will  be  smaller  than  moment.  M,  supplied  to  the  pump  shafts 


MX=M-Jui,  (7.15) 

j 

where  J  -  moment  of  inertia  of  revolving  parts  of  the  pump. 

H 

The  increase  of  the  pump  head  under  conditions  of  nonsteady 

state 


Pi— Pi  c\  c] 

8m  2 


l 

J 


(7.16) 


where  C(t)  -  acceleration  of  liquid  flow. 


(7.10) 
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The  last  component  in  equation  (7.16)  represents  energy,  referred 
to  a  unit  of  mass  of  liquid  and  being  spent  for  overcoming  of  mass 
(volumetric)  forces.  In  order  to  visually  represent  the  value  of 
the  last  component,  let  us  accept  that  the  acceleration  of  flow  is 
identical  for  all  points  of  the  passage.  In  this  case 


(7.17) 


Let  us  multiply  and  divide  the  right  side  of  equality  (7.17)  by  Fqm, 
then 


(7.18) 


The  mass  of  liquid,  which  fills  the  flow  area  of  the  pump. 


Force,  being  spent  on  overcoming  mass  forces, 


P~mC. 


The  pressure  equivalent  to  it 


Consequently,  the  drop  of  head,  caused  by  the  action  of  mass  forces, 
will  be 


mC 


and  this  is  the  last  component  in  equation  (7.16),  i.e., 


(7.19) 
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(7.17) 
by  Fqm, 


(7.18) 


[ump , 


s  forces , 


(7.19) 


Equation  (7fl6)  is  widely  used  during  research  of  nonsteady 
states,  especially,  connected  with  the  starting  of  liquid-propellant 
rocket  engine.  With  rapid  starting  of  the  engine  acceleration  C 
can  be  so  great,  that  it  will  cause  a  severe  decrease  of  static 
pressure,  which  sometimes  leads  to  rather  deep  cavitation. 

Let  us  first  determine  the  separate  components  of  the  equation 
of  law  of  conservation  of  energy  of  a  centrifugal  pump,  and  then  let 
us  write  the  general  equation  of  energy  in  collected  form. 

7*2.  Energy,  Transferred^  to  Liquid  by  a  Vane 
Wheel  at  Steady  States 

The  resultant  moment  of  Interaction  of  a  wheel  with  flow  is 
expressed  by  the  equation  of  moments  of  momentum: 


Af , = G'  l(Cyr)j — (Cj/r),],  (7.20) 

where  G 1  -  flow  rate  through  the  wheel;  Cy  -  projection  of  absolute 
velocity  of  liquid  motion  to  the  direction  of  the  velocity  of  following 
(the  peripheral  velocity  of  the  wheel) ; 

(7.21) 


* 

t 


f 

t 


I 


I  ' 


is  the  mean  value  of  the  velocity  moment  along  the  section.  Energy, 
transferred  to  liquid  by  the  vane  wheel, 


By  using  expressions  (7.20)  and  (7.22),  we  obtain 


(7.22)  j 

J 

i 


EK~CvtU3-CvlU>,  (7.23)  j 

I 

where  peripheral  velocities 

(7.2*0 

(7.25)  j 

! 
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7.3.  Energy  Conversion  in  the  Flow  Area  of  a  Wheel 
at  Steady  State 

Prom  velocity  triangles ,  constructed  for  the  impeller  inlet  and 
outlet  (Pig.  7*1) »  follows: 

<^>*4+^;  (7.26) 

(7.27) 

where  V.  -  velocity  of  following  (peripheral  velocity);  W.  -  relative 
velocity  of  liquid;  C ^  -  absolute  velocity  of  liquid;  Cy^  -  projection 
of  C.  to  the  direction  of  velocity  V.. 

By  subtracting  the  obtained  expression  (7.27)  from  equality  (.7-26), 
we  find 


C7.28) 


The  left  side  of  equation  (7.28)  according  to  relationship  (7.23) 
represents  energy,  transferred  to  liquid  by  a  vane  wheel  in  steady 
motion.  The  right  side  of  equation  (7.28)  characterizes  the  types  of 
•energy,  which  the  liquid  possesses.  The  addend  represents  the 
increase  of  kinetic  energy  in  absolute  motion,  equal  to  kinetic  head 


=  ^KKM 


c.;— c? 


(7.29) 


The  augend  of  the  right  side  represents  the  energy  of  interaction  of 
flow  with  external  forces,  equal  to  static  head 


E(J=H„= 


V\~w\  _  V\-V\  =  to- Pi 

2  e* 


(7. 30) 
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Pig.  7.1.  Velocity  triangle  ] 

for  the.  flow  area  of  a  centrif-  | 

ugal  pump. 


Proof  of  condition  (7.30) 


The  equation  of  motion  in*  the  direction  of  the  movement  of 
element  of  liquid  is  written;  so.: 


^  I  ^  \y/ _ if  i  w  .  1  dp 

ir+KW-Us+g*) 


(7.31) 


In  relative  motion  ih+gs)'  is  the  sum  of  external  volumetric, 
centrifugal  and  and  Coriolis  forces. 


External  volumetric  forces  are  determined  by  acceleration  of  5 

rocket  flight  and  acceleration  of  gravity.  It  is  expedient  to  ! 

consider  their  effect  in  the  examination  of  the  entire  hydraulic  j 

circuit.  ; 

! 

Coriolis  force  of  inertia  is  perpendicular  to  the  direction  of  ! 
relative  velocity,  If  an  "ideal"  centrifugal  wheel  is  considered, 
consequently,  the  work  of  Coriolis  force  In  the  direction  of 
movement  of  liquid  will  be  equal  to-  zero. 


Centrifugal  force 

* 


cPr  cos  6 — <»sr  —  , 
i/S 


where  0  -  angle  between  segments  Ar  and  AS. 


(7.32) 
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Under  steady  state  conditions  equation  (7.31)  with;  consideration  of 
formula  (ft .32)  will  be  written  so: 


rfs  is  e*  " 

Multiplying  by  dS ,  taking  into  account  that 


and  integrating,  we  find 


v. 


^  WdW=\UftU-\ 

*.  u. 


Pi 


(7.33) 


(7.3*0 


(7.35) 


After  conversions  when  q *  *  const  the  expression  for  static  head 
takes  the  .form 


i>2~~ p\ 

2  6k 


(7.36) 


which  is  identical  to  formula  (7.30). 


7. The  Working  Formula  of  Energy,  Transferred 
to  Liquid  by  a  Vane  Wheel 
at  Steady  State 


The  -work,  accomplished  by  a  wheel  when  u)  »  const. 


£>-=*>  J  Ca  dr. 

r  i 

From  the  velocity  triangle  it  follows  that 


CQ-~U- 


Cr_ 

IgP  ’ 


According  to  -the  equation  of  continuity 

O' 


(7. 37) 


(7.38) 


C,» 


2-t  rh\x 


(7.39) 
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where  b  -  width  of  flow  part  of  the  impeller;  Gf  -  flow  rate  through 
the  wheel  (Pig;  7;2): 


(7.33) 


G'=G-HG,+aG2. 


07.  m 


U.31*) 


Here  G  -  flow  rate  through  the  pump;  A -  leakage  in  the  region  of 
vane  wheel*  caused  by  circulation  through  the  inlet  throat:;  A ~ 
leakage  in  the  region  of  vane  wheel,  caused  by  circulation  through 
openings  of  the  vane  web;  -fe  -  constriction  coefficient: 


(7.35) 


head 


(7.41) 


where  A  -  blade  thickness;  8^  -  current  value  of  blade  angle; 
h  r  blade  pitch: 


(7.42) 


(7.36) 


r  -  current  value  of  radius;  a  -  nuntoer  of  blades. 


(7.39) 


After  the  necessary  conversions  we  receive 


E  f _ --- — dr 

tK  2<J  r"  2*  J  c^tgfi 


(7.43) 


By  assuming 


G'k 

«**  tg? 


(7.37) 


the  mean  value  on  the  section  of  path  S  from  r1  to  r2 ,  we  obtain 


(7.44) 


(7.38) 


where  D ^  and  D^'  are  easily  determined  by  formula  (7.44), 


2  80 


Fig.  7.2.  Leakage  of  liquid 
in  the  region -of  the  impeller 
of  a  centrifugal  pump. 


After 


7*5.  Determination  of  Kinetic  Head 


Part  of  the  energy,  transferred  to  liquids,  is  spent,  as  was 
noted,  on  increase  of  its  kinetic  energy.  From  velocity  triangles 
(see  Fig.  7.1)  follows: 


^us~ctn  i  1 

2  2  '2 


(7.45) 


Thus,  the  increase  of  kinetic  energy  of  liquid  in  absolute  motion 

EMH=*L$  (7.46) 

is  equal  to  the  increase  of  kinetic  energy  in  rotatory  motion 


(7.47) 


plus  the  increase  of  kinetic  energy  of  radially  directed  flows 


(7.48) 


By.  substituting  in  equation  (7.45)  the  values  of  projections  of 
velocities,  after  conversions  we  receive 
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(7.49) 
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7.6.  Determination  of  Static  Head 


According  to  the  velocity  triangle,  (see  Fig.  7.1) 


‘W-- 


..  Ur~  Cy 
co*£r  " 


After  conversions  of  equation  (7.36)  we  receive 


»  /  — k-2 - + 

\2jI Q*  /  ly2^2*,^?2/  J 


+±(J2LY 

T  2 


(7.50) 


(7.5D 


Degree  of  reaction  of  vane  wheel 

The  ratio  of  static  head  to  total  is  called  the  degree  of 
reaction  of  vane  wheel: 


*=— =- 


pi  Pi 


E i 


I  Cj  —  c’  ^ 
(Pi-P\)  +  Qm  ^ - 2 - I 


’(7.52) 


For  determination  of  static  head  it  is  possible  to  write 


£«t  ^KKH - CuJJt - - 

2  2 


—  Ct/Z~Ct/I  Cfg  — 


Thus , 


.  — 1  (cc>»'~c2u)  +  (Crt"-C?i) 

HCuiVi  —  Cu\U\) 


(7.53) 


(7.54) 


In  that  particular  case,  when  it  is  possible  to  assume  Cri-Cn  and 
C,.,=  0, 


2^3 


(7.55) 
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After  simple  conversions  we  obtain 

.  I==_L  (!___£** _ A 

2  \  2.wf*se«»S?j' 


(7.56) 
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The  Energy  of  Liquid.  Caused  bs 
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Angular 
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The  moment  of  momentum  (Fig.  7*3)  - 


; 

elementary  mass  of  liquid  - 

I 

dmJ*r*S2Ldn 

k 

transmitted  desired  energy  - 

ir  \ G'  (*c‘'r)  Trdr'  (7.59) 

ft 

By  taking  the  mean  value  for  G'  ~  on  section  of  path  S  from  ^  to  r2> 
we  obtain 


(7.57) 


(7.58) 
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\  K„r)f(/r  (7-60) 

A 

After 

or 

f i  =2^0'  ±  ±  J  Kv)  r^r.  (7.61) 

'*  we  ob 

With  filling  of  the  entire  interior  cavity  of  the  wheel  with  liquid 
the  solution  of  equation  (7.61)  has  the  form 

+Cl,'o)  k  /  _  2\1 

2.t*8w«Ki  ^  S  ‘'j 
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(7.56) 

(7-57) 

(7.58) 

(7.59) 

hi  rx  to  r2, 

(7.60) 

(7.61) 
h  liquid 

(7-62) 


In  order  to  characterize  the  energy  distribution  E^  by  types,  let  us 
examine  equation 


^(<,r)=cA+C,C,  . 


(7.6-3) 


since 


c*~c*-..c* 


(7.6H) 


The  addend  of  the  right  side  of  equation-  (7.63)  characterizes  energy 
Emu  being  consumed  on  change  of  angular  velocity  of  rotation  of  liquid 
in  the  flow  part  of  the  impeiler  with  time,  Inasmuch  as  Cu==«i>*r. 

The  augend  characterizes  energy  E,,  being  consumed  on  change  of  radial 
velocity  component  of  liquid  with  time ,  and  the  third  component  - 
energy  Ep,  caused  by  change  of  external  surface  forces,,  affecting 
the  flow,  with  time.  Let  us  show  that 


d  /Ut—W2\  \:dp 

<tt\  2  "  J  b*  dt 


('7.65) 


Equation  ( 7 -  31)  taking  into  consideration  equation  ( 7  -  33)  and  with 
the  absence  of  external  volumetric  forces  is  written  so: 


dr _ 1  dp 

dS  Qjk  dS 


After  multiplication  by  dS ,  taking  into  account  that 


(7.66) 


(7.67) 


we  obtain 


WdW~UdU-±-d-£-dS.  (7.68) 

«* 

Having  divided  equality  (7.68)  by  dt ,  after  conversions  we  find 


J 


UO—Wti'  .-=-L  dJL , 

dt  \  2  I  e*  M 


* 

(7.69)  ) 
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Now,  li 


Pig*  7.3.  For  derivation 
of  formula  (7*59). 


7.8.  The  Working  Formula. of  Energy .  Consumed  on  Change 
of  the  Angular  Velocity  of  Rotation  7 
of  Liquid  In  the  Flow  Area 
"  of  Vane  Wheel1 


By  tak: 
sectioi 
form: 


As  was  shown. 


(7.70) 


Thus,  Instead  of  computation  of  £;  it  is  possible  to  calculate  the 
components  of  the  right  side  of  equality  (7.70).  Under  nonsteady 
state  conditions  energy 


E**=\t!r**dJ* 


(7.71) 


where  w  -  angular  velocity  of  rotation  of  liquid;  J  -  moment  of 


inertia  of  liquid: 


dJ  ~r2i/m—2nr*b  —dr. 

k 


(7.72) 


The  angular  velocity  of  liquid 


_ Cu 


(7.73) 


According  to  the  velocity  triangle  and  equation  of  continuity 


O' 


2nr-tQK 


(7.7*0- 


Derivative 


2;<r?tQK  te  p 


k. 


(7.75) 
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(7.75) 


Now,  instead  of  equation  (7.71)  we  will  have 


5^- *)x 


x(i-2 «£«?■*■) 


(7.76)  J 


By  taking  for  all  parameters,  except  r,  their  mean  values  on  the 
section  of  path  5  from  r 1  to  r2,  we  obtain  the  solution  in  this 


form: 


(7.77) 


7.9.  The  Working  Formula  of  Energy.  Consumed  on  the  Chant 
o f  Radi al  Velocity  Component  of  Liquid 


Let  us  write  the  initial  expression  so: 


(7.78) 


Elementary  force  - 


dP — d,dm = —  2nrb^f-dr—G’  dr; 
2.v>8*  * 


(7.79) 


surface  of  application  of  force 


Consequently , 


/•'— 2nr  — . 

k 


(7.80) 


(7.81) 


By  taking  the  mean  value  for  G'k/b  on  the  section  of  path  S  from 
to  r2>  we  obtain=  solution 

(7.82) 


where 


7.10.  The  Working  Formula  of  Energy,  Caused  by  Change 
of  External  Surface:  Forces. 

Affecting  Plow  — 


The  external  surface  force,  affecting  flow,  is  equal  to 
—  &L.  By  using  equality  (7.69),  we  obtain  the  initial  expression 

om  OX 

in  the  form 


(7.83) 


Accorc 


in  thJ 


By  taking  the  mean  value  for  q Jj'  —  on  the  section  of  path  S  from 

k  • 


rl  to  r2*  we  obtain 


(7-84) 


Inasmuch  as 


If  Qmll 


2.irie*sin? 


(7.85) 


the  solution  of  equation  (7.84)  takes  the  form 


fj'icyk  ln  |  o  \ 
2«Q*4sinJ3  \  r\  )  ' 


(7.86) 


7.11.  The  Working  Formula  of  Energy ,  Caused  by  Change 
of  Liquid  Velocity  in  the  Pump 
Inlet  Throat 


Additional  head  (or  decrease  of  head),  characterizing  steady 
state  in  the  flow  area  of  vane  wheel,  was  determined  by  integral 
(7.62).  The  mass  forces  affect  flow  in  the  inlet  throat  and  in  the 
spiral  chamber.  For  inlet  throat 


Eleme 
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7.13. 


Energy,  Consumed  on  Overcoming  Forces  of  Viscous 
Prrctlon  In  the  Pump  Inlet  Throat 


Sought  energy 


(7.101) 


For  determination  of  hydraulic  losses  let  us  take 


o 


>■  di 

sr  w  • 


(7.102) 


Let  us  also  take 


4 


(7.103) 


where  $  -  coefficient  of  the  cross-sectional  shape  of  the  channel. 
Instead  of  formula  (7.101)  we  have 


.12  )  C*£  dS 


2  5 

By  taking  the  mean  value  for  \/$  dJ  ,  we  obtain 

P  8  02  >.  . 

qI  Ml- 


(7. 104) 


(7.105) 
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stance 
(7. 104) 


7.15.  Energy,  Consumed  on  Overcoming  of  Forces  of  Viscous 
~  friction  in  a  Spiral  Chamber  r”"T 


It  is  evident  that 


2« 

1  r  .  o 


(7.113) 


(7.112) 


where  r  -  radius  of  center  of  gravity  of  cross  section.  Let 
cp  ■* 


07.106) 


where 


i'cp=rs+ap, 


(7.114) 


rcf  mu  rt 


(7.107) 


Velocity 


(7.H5) 


(7.108) 


where 


(7.109) 


0,=£0: 

F‘~tF- 


(7.116) 


(7.117) 


(7.110) 


where  -  cross-sectional  area  of  spiral  chamber  at  the  place  of 
its  connection  to  outlet  throat. 


Thus , 


(7.111) 


(7.118) 


For  circular  section 


n=2nr  (<?)—- 


(7.119) 


,  -*-V* 


for  non circular  section 


.n=cK2iFi; 


(7.120) 


where  c  -  coefficient  of  shape  of  section, 
expression  (7.113)  assumes  the  form 


After  conversions 


Etc— 


/2nC» 


4  Fl'* 


(7.121) 


By  taking  the  mean  value  for  \£  we  find  the  solution  for  pw  *  const 
in  the  form 


'..1C  - 


1 


4f2+S)Wc»- 


(7.122) 


•  7.16.  The  Law  of  Conservation  of  Energy 

•for  a  Centrifugal  Pump 

'  'Energy  E ,.  supplied  to  the  pump  shaft  under  steady-  state 
conditions,  is  transferred  to  liquids  by  the  vane  wheel  as  i ?H, 
determined  by  formula  (7»2*10.  This  energy  corresponds  to  the  head 
of  steady  state,  i.e.. 


(7-123) 

which  is  made  up",  in  turn,  of  kinetic  head  HUIJ  ,  determined  by 

KH  H 

formula  (7.^9),  and  static  head  H  computed  by  equation  (7.51). 

CT 

Thus  , 


•  (7.124) 

(7.125) 

Under  nonsteady  state  conditions  part  of  the  energy  E;.  supplied 
to  the  impeller  is  consumed  on  overcoming  mass  (volumetric)  forces, 
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7.121) 
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7.122) 
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affecting  the  blading  of  the  pump.  The  energy  of  liquid  »  caused 
by  angular  acceleration  of  vane  wheel,  is  determined  from  formula 
(7.62);  energy  E  ,  caused  by  change  of  velocity  in  the  pump 
housing,  is  the  same  of  energies  Eit  and  E-c,  calculated1  according 
to  formulas  (7.87)  and  (7; 100)  respectively. 

Thus, 

Eg=-Ei+E*.h;  (7.126) 

E^Et.+Ec,  (7.127) 

where  -  energy,  caused  by  change  of  liquid  velocity  in  the 

Vi 

inlet  throat  of  the  pump;  E ^  -  energy,  caused  by  change  of  liquid 
velocity  in  a  spiral  chamber. 

During  analysis  of  equation  (7.63)  it  was  shown  that  the  energy 
of  liquid,  caused  by  the  presence  of  angular  acceleration  of 
vane  wheel,  is  equal  to  the  sum  of  energy  going  for  change  of 

angular  velocity  of  rotation  of  liquid  in  the  flow  area  of  vane  wheel, 
energy  E- ,  consumed  on  change  of  radial  velocity  component  of  liquid, 
and  energy  Ep,  which  appears  as  a  result  of  change  of  external  surface 
forces,  affecting  the  flow.  The  last  three  types  of  energies  are 
determined  by  formulas  (-7.77),  (7*82)  and  (7.86)  respectively. 

Thus , 


E'rn  —Emx-]-Er 


(7.128) 


Under  steady  state  conditions  part  of  energy  E ^  is  spent  on 
overcoming  forces  of  viscous  friction,  moreover 


*  Eh=Eht,+EkK+Eh c. 

where  Ekc,  pertains  to  the  inlet  throat  and  is  determined  by  formula 
(7.105),  Ek k  -  characterizes  hydraulic  losses  in  the  flow  area  of 
Impeller  [formula  (7.112)3,  Eh c‘ corresponds  to  a  spiral  chamber 
and  is  calculated  by  formula  (7.122). 
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Now  it  is  possible  to  write  the-  equation  of  the  law  of 
conservation  of  energy  for  a  centrifugal  pump,  operating  under 
conditions  w>0,  in  the  following  assembled  form: 


£=EK-Ea-E>.  .  (7-130) 

In  expanded  form  this  equation  will  be  written  so: 

E=E,-Ei  -Et.-Ec-Etc-EH'-EHc.  ( 7 . 131) 

B.  SCREW,  POREPUMP 

7.17.  The  Basic  Equation  of  Dynamics 
of  a  Screw  florepump 

The  basic  equation  of  dynamics  of  a  screw  forepump  Is  the 
relationship  of  head  of  a  screw  conveyer  to  time-variable  flow  rate, 
rpm  and  their: derivatives . 

During  derivation  of  the  basic  equation  of  dynamics  of  a  screw 
forepump  let  us  take  the  following: 

-  ideal,  incompressible  liquid; 

-  one-dimensional,  continuous,  axisymmetric  motion  of  liquid; 

-  single-phase  flew,  without  vapor-gas  inclusions. 

Let  us  separate  (Pig.  7.5)  the  element  of  liquid  with  mass 

dm  •-  QmFn-dS  (7.132) 

and  examine  its  motion  in  the  channel  of  screw  conveyer.  Let  us 
expand  into  a  plane  an  infinitely  thin  layer  of  cylindrical  cross 
section  of  vane  cascade,  being  at  arbitrary  radius  r. ,  from  the 
axis  of  screw  conveyer. 
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(7.130) 


(7.13D 
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a  screw 
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:7.132) 

ft  us 
cross 
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(7.133) 

The  moment  of  momentum  of  liquid  in  impeller  channels  is  equal 


to 


s. 

£= j  rCfjdm 


(7. 13*0 


To  the  separated  element  of  liquid  let  us  apply  the  theorem 
about  the  change  of  moment  of  momentum.  According  to  the  theorem 
the  time  derivative  from  the  moment  of  momentum  of  liquid,  flowing 
through  the  boundary  (reference)  sections  of  channels  of  the  Impeller, 
relative  to  the  axis  of  screw  conveyer  is  equal  to  the  sum  of  moments 
of  all  external  forces  affecting  the  liquid  relative  to  the  same 
axis : 
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For  fixed  r  with  steady  motion  of  liquid  the  quantity  of  time 
derivative  from  the  moment  of  momentum  is  a  function  of  two 
independent  variables  -  time  t  and  coordinate  S. 


In  this  case 

C(j~Cy(x,  S);  CM=CM(t,Sy,  W=W(t.  S);  , 

U*=U( t)— for  axial- flow 
impellers; 

U  =U (t,S)— for  centrifugal 
.  impellers .  - 

By  substituting  expression  (7.132)  in.  formula  (7.13*0, 


(7.135) 

we  obtain 


^  rQ^w  (S)  Cy  (T>  ■S)  . 


(7.136) 


"Let  us  differentiate  expression  (7-136)  with  respect  to  time: 

4L~Q\rFv(S)Cu{i.S)W(t,  S)  |f + 

•  dx 


where 


+\rFv(S)^ff^dS, 

s„ 


(7.137) 


By  substituting  integration  limits  and  omitting  the  entry  of 
parameters  (r  and  s) ,  we  obtain 


— e(r2F  j,r  W^2C2t;  —  r  ,F  lrW,1C|t/)-|" 


u 

dx 


(IS. 


(7.138) 


The  moment  of  external  forces  ,  applied  to  every  kilogram  of 
liquid  moving  for  a  unit  of  time,  creates  increase  of  specific  energy 
of  liquid,  i.e.,  it  characterizes  the  magnitude  of  pump  head.  For 
steady  state  these  quantities  coincide  : 


(7  -  X39.) 
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By  substituting  equalities  (7*138)  arid  (7.139 )  in  relationship 
(7-133),  we  obtain  the  expression  for  theoretical  head  of  screw 
fore pump : 


H-t— G,  dx  —  c°, 

+±\j&.ur„ds. 

S , 


(7.U0) 


The  integral  in  expression  (7. 140)  characterizes  the  amount  of 
increase  in  the  moment  of  momentum,  cuased  by  time  variation  of 
the  moment  of  momentum  of  the  mass  of  pump  rotor  and  mass  of 
liquid  flowing  along  channels  of  the  impeller. 

Generally  the  work  on  section  1-2 : 

A=S(fidS, 

l 

where  P  -  force;  S  -  path;  As  applied  to  the  impeller  of  a  vane 
pump  and  the  liquid  -flowing  through  it  under  transient  conditions  it 
is  possible  to  write  for  the  impeller: 

for  liquid: 

dSx=C(jdX' 


Then  the  work  of  impeller 


Pu  (IS,  —  f  mJJ  dU: 


the  work  of  liquid 


m<fiu 


(7.139) 


It  is  obvious  that  in  the  expression  for  pump  head  under 
transient  conditions  only,  the  work  of  liquid  should  be  considered. 
Taking  into  consideration  the  aforesaid  and  equality 

equation  (7.140)  takes  the  form 

s, 

Ht=(U£w-UlCw)+  A  ^  FwCvd-&dS.  (7 .141) 

s, 

Expression  (7.141)  is  the  basic  equation  of  dynamics  of  axial- flow, 
fore pump. 

The  theoretical  head,  developed  by  the  screw  forepump  in 
transient  conditions,  is  equal  to  the  pump  head  at  steady  state 
according  to  the  Euler  equation  (binomial  in  brackets)  plus  the  head, 
obtained  as  a  result  of  change  of  quantities  with  time  and 

along  the  length  of  the  channel. 

Let  us  convert  the  expression,  standing  under  the  integral  sign 
of  relationship  (7.4l).  From  velocity  triangles  of  a  screw  forepump, 
operating  in  pumping  mode,  let  us  express  the  quantity- of  peripheral 
component  of  absolute  velocity: 


C„~U 


Cni 

% 


(7.142) 


By  assuming  a  function  of  two  independent  time  variables 
U( r)  and  Cm(x) ,  let  us  differentiate  equality  (7.142)  in  time.  In 
this  case  we  assume  that  the  third  quantity,  which  enters  expression 
(7.142),  -  flow  angle  at  pump  impeller  inlet  8n  -  does  not  have 
independent  change  with  time,  but  is  changed  depending  on  the  change 
of  quantities  U(x)  and  'C  vr,  S ■}  and  is  determined  uniquely  through 
them  for  any  Cy  «  const. 
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(7.141) 
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Thus,  as  a  result  of  differentiation  of  expression  (7.142),  we 


\ 

;  1 


have 


•  'dCu^XJ _ 1  dCm 

dt  '  dt  tg  3„  dr 


(7.143) 


The  flow  angle  varies  along  the  length  of  the  impeller  channel. 


i.e. , 


'  I 


In  front  of  the  screw  conveyer  vane  inlet  i  and  j 

1  i 

impeller  channel  vane  inlet  (at,  a  sufficient  distance  from  the  leading  ; 
edges  of  vanes)  it  is  possible  to  consider  and  at,  impeller  i 

channel  exit  ftj=Pjn— 0,  where  0,  -  angle  of  lag  of  flow.  <  | 

‘  ’  .j 

By  substituting  equalities  (7.142),  (7.143)  iri  equation  I 

...  '  I  f 

(7.141)  and  considering  equality  *  , 

,  Fw=,Fm  sinpn,  , 

’  1 

I  * 

we  receive  the  following  integral  equation  for  theoretical  head  of 
screw  forepump,  operating  In  pimping  mode  with  unsteady  motion: 


'i  1  )  i  .  , 

Equation  (7.144)  is  the  basic  equation  of  dynamics  of  screw  .forepump. 
It  permits  determining  the  magnitude  of  screw  conveyer  head  both 

I  •  * 

during  work  at  transient  conditions,  and  at  steady  state,  when' 

I  it 

fr*  '  ' 

i  1 

,  '  •  i 

To  get  the  calculation  relationship  of  theoretical  head,  of  screw 

conveyer,  it  is  necessary  to  integrate  equation  (7.144)  under  fully 
.  •  > 
defined  boundary  conditions,  which  correspond  to  the  design  of 

i  i 

screw  forepump  and  to  its  operating  conditions.-  ,  •  ; 
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7.18.  Boundary  Conditions  for  Integratibn  of  Basic  > 

>  7  Equation  of  Forepump  > 

'  ■  .  •  •  • 
•  •  » 
The  theoretical  head  ot  the  .screw  conveyer  to  a  considerable 
extent1  deperids,  besides , factors  considered  by  equation  (f. l^),  on 
the  amount  and  direction  of  entry  spin  of  flow  at  the  screw  conveyer' 
i  inlet .  :  t  ’  •  ' 

I 

There  are  examined  several  basic  'eases  of  operation, of  screw 
'forepump.  As.;the  positive  direction  of, spin  of  flow  before  the  screw 
conveyer  there  is*  taken  the  value 'of  angle  a’,  read  clockwise  from  the 
direction  of  the  vector  of  axial,  velocity  component,  to  the  direction 

•  ■ .  ,  i  , .  ■  • 

of  the  absolute  velocity  yector  of  flow.  Depending  on  the  amount'  of 

flow  and  ,the  direction  of  this  angle  we  determine  the  amount  'of  the  , 

•head  of  screw  , conveyer  for  four  cases,  characterized  by  the  desigri 
•  ‘  ; 

.  of  the '-pump  and  its  operating  conditions,.  In  this  case  the  head  of 

’  .  '  !  !  I  ' 

screw  icon veyer  as  a  mean  integral-  quantity  of  energy  along  the  cross  , 

section  of  flow  is  detfermined  by.  the  calculated  diameter  D  of 

'  /  P 

series-connected  (not  isolated)  screw  conveyer.  In  this  case 


(7.^5) 


.  where  D  -• external  diameter  of  screw  conveyer:  d  -  diameter  of 
screw  conveyer  bushing.  ,  .  >  ■'  .  •  ' 

For  all  the  cases  of  operation  ;of  the  scr'ew  conveyer  stated 

i  ,  »  1  * 

:  below  there  takes  place  the  fdllowing  equality,  ensuring  from  the 
design  of  axial- flow  impeller:  i  , 

i  ‘  ' 

>  ;  '  .  , 

'  '  ,  1  ;  ;  ‘  tflp=(/2p=i/p,  "  • 

•  i  ! 

I 

,  where  i^1  and  U2p  ~  peripheral  velocities  of  screw  conveyer  at  i 
calculated  diameter  at  the1  screw  conveyer  inlet  and  outlet.  L.et 
i  us  Sjuppose  that  C  =•  ;const  along  the  height  of  the  schew  conveyer 
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Boundary  conditions 


form 


Cl£/=0;  Ciu=U-4f-'  (7.146) 

Equation  (7.144)  at  boundary  conditions  (7.146)  takes  the 


H' -  (*%  «*£)■*>  wT^t)  F»sin^,iS-  (7.147) 


The  first  case  of  operation  of  screw  conveyer  corresponds  to  axial 
entry,  of  flow  on  the  vanes  of  screw  conveyer,  when  flow  spin  at  the 
inlet  is  absent  (C1£/  =  0). 


The  second  case 


0<a1'<90°;  a^a,. 


Boundary  conditions 

c'»“u-5t;  ”.W8) 

Equation  (7.144)  at  boundary  conditions  (7.148)  takes  the  form 


(7.149) 


The  second  case  of  operation  of  screw  conveyer  corresponds  to 
.positive  entry  spin  of  flow  to  the  screw  conveyer,  for  example,  with 
installation  of  an>  appropriate  return-circuit  rig  before  the  screw 
conveyor. 


3Q2 


The  spin  of  flow  is  considers  I  positive,  if  the  vector  of 
peripheral  component  of  absolute  velocity,  of  liquid, coincides 
with  the  direction  of  the  vector  of  peripheral  (velocity  of  following 
velocity  of  impeller  U .  And  vice  versa,  -  negative,  if  vector  Cv 
is  directed  opposite  to  direction  of  rotation  of  the  screw  conveyer. 

It  is  known  that  with  the  presence  of  positive  entry  spin  of 
flow  to  the  vane  pump  the  inlet  flow  conditions  to  the  vanes  of 
impeller  are  improved.  Losses'  of  inlet  h.  ad  in  this  case  are 
j  decreased,  due  to  which  the  anticavitation  properties  of  the  pump 
^  are  imprqved.  The  cavitation  specific  speed  is  .substantially  raised. 
|  Furthermore,  the  installation  of  a  return-circuit  rig  before  the 

I  screw  conveyer  reduces  the  eddy  counterflows,  which' appear  in  th& 
channels  of  the  screw  conveyer  during  operation  at  uncalculated 
-conditions'-. 

r 

|  •  However,  the  installation  of  return-circuit  rig  before  the  screw 

conveyer  leads  to  additional  losses  of  pressure  to  hydraulic 
friction  and  others,  due  to  which  static  head  at  the  screw  conveyer 
inlet  is  reduced. 


The  placement  of  the  return-circuit  rig  is  expedient  in  the 
case  when,  first,  this  is  allowed  by  axial  dimensions  and  the  weight 
of  the  construction;  secondly,  when  the  total  effect  is  positive, 
i.e..,.  when  the  efficiency  of  the  pumping  unit  is  raised  from  the 
placement  of  the  return-circuit  rig. 

The  third  case 


a,  <  0;  0>a2>«,. 


Boundary  conditions 


c^igr,~u-  <7-150> 

Equation  (7.1^)  at  boundary  conditions  (7.150)  takes  the  form 
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The  third  case  of  operation  of  screw  conveyer  corresponds  to 
negative  entry  spin  of  flow  to  the  screw  conveyer,  at  which  the  entry 
conditions  of  flow  to.  the  vanes  of->the  impeller  are  made  worse. 

As  a  result  of  large  losses  at  the  screw  conveyer  inlet  the  antifric¬ 
tion  properties  of  the  pumping  unit  are  also  made  worse. 

I 

) 

With  negative  exit  spin  (cig  <  0°)  the  screw  conveyer  operates  t 

under  conditions  of  hydraulic  stagnation  and  positive  head  does  not  | 
develop.  The  value  of  flT,  obtained  by  formula  (7.151),  in  this  ; 

instance  shows-  the  amount  of  head  lost  with  stagnation.  * 


The  fourth'  case 


«i<0*;  06<o2>a,. 


Boundary  conditions 


Cln 


■U;  CW~U- 


cCjn 


(7.152) 


Equation  (7.144)  at  boundary  conditions  (7.152)  takes  the  form 

(7.153) 


•s. 


The  fourth  case  of  operation  of  screw  conveyer,  just  as  the  third, 
corresponds  to  negative  entry  spin  of  flow  to  the  screw  conveyer.  At 
the  screw  conveyer  exit  the  spin  of  flow  is  positive  (Og  >  0°). 
Consequently,  the  screw  conveyer  operates  in  pumping  mode  and 
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develops  positive  head.  The  operation  of  screw  conveyer  under 
conditions  of  the  fourth  case  is  characterized  by  low  efficiency 
and5  low  cavitation  specific  speed. 

Prom  the  examined  four  cases  of  operation  of  screw  conveyer  it 
follows  that  head  characteristics  of  screw  forepurap  depending  on 
impeller  inlet  and  exit  flow  angles  are  substantially  different.  In 
this  case  there  was  not  considered  the  effect  of  the  magnitude  of 
angle  of  attack  on  the  head  of  screw  conveyer. 

Basis  of  selection  of  boundary  conditions 
for  screw  conveyer 

In  existing  pumps  of  general  and  special  machine  building 
the  screw  forepumps  are  applied  as  a  rule  without  return-circuit 
rigs  at  the  inlet.  Therefore,  with  derivation  of  the  equation  for 
head  of  the  screw  conveyer  it  is  possible  to  consider  C *  0,  which 
corresponds  to  the  first  case  -  boundary  conditions  (7.1*t6). 

For  small  a,  i.e.,  such  that  it  is  possible  to  permit  equality 
at  screw  conveyer  Inlet 


head  characteristics  for  2nd  and  3rd  cases  approximately  coincide 
with  the  characteristic  of  screw  conveyer,  which  operates  under 
conditions  of  the  first  case. 


where 
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The  fourth  case  is  characteristic  for  axial  impellers  of  variable  Bet 

pitch  with  large  angle  of  rotation  of  flow  at  impeller  vanes.  The  following 

operation  of  such  impellers  is  practically  very  little  studied  and 
is  associated  with  instability  of  flow  in  channels,  increased  tendency 
toward  the  appearance  of  cavitation  and  large  hydraulic  losses. 

Thus,  by  elaborating  on  the  first  case  of  operation  of  screw 
forepump  as  the  basic,  typical  for  centrifugal  screw  pumps,  let  us 
express  equation  (7.1*17)  through  screw  conveyer  parameters.  For  this 
let  us  use  equalities 
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By  substituting  here  the  values  of  time  derivatives : 

HU  aZ?p  dn  OCm  j  do* 
dr  <*>  dx  '  dr  dr 


(7.156) 


and  considering  equalities  (7.154),  we  obtain  the.  expressions  for 
the  first  and  second  integrals: 


3"  — —Li— s,„o  rfc. 

'  CO  drUtOfi' 

Oi  s 

,  dO’  n  1  \ 

J“dr\(60fi'  e^tgpn 


(7.157) 


(7.158) 


Into  expressions  for  the  first  and  second  integrals  enters  (.the 
flow  angle  Bn,  which  under  transient  conditions  varies  with-  time  along 
-the  length  of  the  channel  of.  screw  conveyer  (for  noninterrupted  flow 
the  last  circumstance  concerns  only  a  variable -pitch  screw  converter).. 
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As  was  noted  in  Section  7.-17,  angle  $.  is  uniquely  defined 
through  parameters  U(x)  and  C  ( x)  or,  which  is  the  same.,  -  through 
n(t)  and  G'(t)  for  any  fixed  Cy.  Let  us  show  that  at  zero  angle  of 
attack  the  dynamic  components  of  head  of  constant-pitch  screw 
conveyer  are  equal  to  zero.  Let  us  express  the  value  of  tg  f?n 
through  geometric  and  energy  parameters  of  the  pump. 

From  the  velocity  triangle  at  the  screw  conveyer  inlet  when 
C1U  a  ®  with  consideration  of  relationship  (7.154)  we  have 


Clm  ^ (V_ 
"  V  'iFlnr.Dp  r. 


(7.159) 


at  the  screw  conveyer  exit  approximately  for  small  a  and  ft  it  is 
possible  to  write 


By  subst 
(7.158)  1 
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As  follows  from  equalities  (7.159)  and  (7-160),  the  difference  of 
screw  conveyer  inlet  and  exit  flow  angles ,  which  correspond  to  the 
same  (calculated)  diameter  of  screw  conveyer, 

is  determined  by  the  difference  of  inlet  and  exit  cross-sectional  areas 

i  i 

Consequently,  with  accepted  assumptions  the  flow  angle  during 
noninterrupted  flow  in  impeller  channels  and  assigned  n  and  Q  is 
determined  completely  by  the  geometry  of  screw  conveyer. 
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For  any  t-th  section,  perpendicular  to  the  axis  of  screw  conveyer, 
at  zero  angle  of  attack,  there  is  valid  equality 


tgfcn 


co  <v_ 

QFminD  n 


(7-161) 


By  substitution  of  expressions  (7.161)  into  equations  (7.157)  and 
(7.158)  we  obtain 


■  /,=0;  /2=0. 


(7.162) 
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Thus,  at  zero  angle  of  attack  a  constant-pitch  screw  conveyer  develops 
head  neither  at  steady  nor  transient  conditions. 

Variable-pitch  screw  conveyer 

For  variable -pitch  screw  conveyer,  when 

^  Pto-  f’lm'fc  Flap  (  7  •  163) 

it  is  not  possible  to  take  integrals  (7.157)  and  (7.158)  in  general 
form.  As  experience  shows,  the  values  of  these  integrals  with 
sufficient  accuracy  for  practical  purposes  can  be  determined  by, 
numerical  integration  by  the  method  of  mean  AS  for  sections: 

30  8 
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(7.164) 
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Similarly  for  the  second  integral 

\  ;-i 

1  y^Sjcoi?n.pj\da> 

«  mj  >i  h.pj  J  dr  ‘ 


(7.165) 


The  curvature  of  channels  of  screw  conveyers  in  existing  pumps  is 
small,  not  exceeding  magnitude 


The  vanes  of  variable-oitch  screw  conveyers  are  profiled  usually 
by  the  method  of  arcs  of  circumferences ,  at  which  the  change  of  the 
magnitude  of  center  line  angle  of  the  vane  along  its  length,  occurs 
according  to  linear  law 


const.  (7.1 66) 

The  law  of  change  of  the  active  flow  area  in  the  meridion 
section  along  the  length  of  the  screw  conveyer  channels  in  this 
case  can  differ  from  linear  because  of  the  different  thickness  of 
vanes.  Usually  this  difference  is  not  substantial  and  it  can  be 
disregarded. 

The  remarks  made  allow  substituting  the  current  values  of 
F  •  and  8  .  in  expressions  (7.164)  and  (7.165)  without  large 

*  *  ( ■  n  *  p  j 

error  by  their  mean  values  ,  assuming  that  the  laws  of  change  of 
Fm,j  an<3  ®n.p  q  alonS  the  ler>gth  of  the  channel  lQQ  of  screw  conveyer 
are  linear.  Then  expressions  (7.164)  and  (7.. 3.65)  will  take  the  form 


where 
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(7.165) 
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/1=-  Fmw.cp/fc  »  aVploc  \  <fA  (>7.l67) 

\  3600  O'  601*3,.*/  dx  ’ 

■i.  (  *  Joe  \dG' 

*  \eo tg s,.*  O'  c Fm «.ep tgj hJ  dx'  (7.168) 


where  0-  -  equivalent-  vane  angle  of  screw  conveyer: 

/I  •  3  K 

fy.«=P+arctg^-; 


(7.169) 


g  -  the  screw  conveyer  vane  chord  angle;  f  -  deflection  of  vane  on 
0.5  the  length  of  chord  L. 


7.20.  Theoretical  Head  of  Screw  Forepump  for  Transient 

and  Steady  State 


The  expression  for  theoretical  head  of  a  variable-roitch  screw 
conveyer  in  transient  mode  [equation  (7*155)]  takes  the  form 


,  «’-7”C+ (*.«—>%  )£- 


(7. 170) 
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Hydraulic  Losses  of  Head  In  Vane  P 


i  i 

We  distinguish  the  following  types  of  hydraulic  losses  }.n  vane; 
pumps : 

1)  hydraulic  friction  losses;  • 

I  » 

2)  losses  connected  with  conversion  of  dynamic  head  into- 

static  (channel  exit  conicity  losses);  -  *  r  ' 

i 

!  r  ‘ 

3)  hydraulic  shock  losses  in  the  presence  of  leakage  of  flow  to 
impeller  vanes  and  with  exit  from  impel'ler1. 

/  • 

S  '  t 

The  first,  two  types  of  hydraulic  losses  are  observed  during 
operation  of  a  pump  both  at  design  and  :at,  partial  load  conditions. 

The  numerical  value  of  these  losses  Is. proportional  to  the  square  'of 
the  relationship  of  current  flow  rate  to  design,  c'orresponding  to 
shock- free,  i.e.,  .  ! 

i  i 

(oT)2*-  1  (7.177) 

<  "  i 

The  third  type  of  losses  is  characteristic  for, partial  ( 
load  conditions.  The  amount  of  hydraulic  shock  losses  is  proportional 
to  the  square  of  the  difference  of  design  and'  current  values  of 
flow  rate,  i.e.,  , 

;* 

(7.178) 

, 

According  to  such  a  presentation  the  hydraulic  shock  losses  in 
design  condition  (Qi  =  §p)  are  equal  to  zero.  In  partial  load 
conditions  the  hydraulic  shock  losses  depending  on  the  magnitude 
of  angle  of  attack  can  reach  large  values.  ' 

I 

It  is  known  that  a  constant-pitch  screw  conveyer  develops  head" 
because  of  the  presence  of  the  angle  of  attack.  The  following  optimum 
values  of  angles  of  attack  of  vane  pumps  are  established  experimentally 


L2 


Const ant -pitch  screw  conveyer 
For  constant-pitch  screw  conveyer 


ft,=fc,=?j=const;  F:mm^Fimm=Fmm=ct>mt; 
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(7.172) 


where  5  -  pitch  of  helical  line  of  screw  conveyer.  Integrals 
(7.157)  and  (7.158)  are  equal  to 
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(7.174) 


The  theoretical  head  of  constant -pitch  screw  conveyer  at  steady 
and  transient  .conditions  [equation  (7.155)]  has  the  form 
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1  if 


for  constant-pitch  screw  conveyers  *  5°-8° ;  ? 

i 

,  for  variable -pitch  ,s  crew'  conveyers  i  *  1°  -  3°. ;  .  •  1 

!  I  9 

for  centrifugal  pumps'  i  -  6°*12.° .  1  1 

|  '  i  4 

i  •  i  1  i  -  -  i 

,  I 

The'  existing  methods  of  calculation5  of  hydraulic  losses  in’  putpps 
'give  the  possibility  of  obtaining  analytical  expression?,  for  determina- 

•i  i 

tion  of  actual  head, .characteristics  under-  steady  state,  which  provide 

t  ,  .  ''  ‘  «  , 

accuracy  acceptable  for  practical  purposes. 

■  !  .  ;  ’ 
f  It  is  established  that  losses  or}  hydraulic  friction-  against  , 
walls  of  the  flow  'passage  bf  a  pump  are  not  the  determining  among  •_ 
other  tyjies  of  losses.  The  flow,  in  impeller  channels  of  a.  vane 
pump  is  essentially  n'onuniform;  due,  to  'which  cpnsiderable  losses  of 
energy  take  place.  Furthermore,  as  a  result  of  the  effect  of  a 

I  <  , 

finite  number  of  impeller  vanes-  the  liquid1 enters  the  outlet  device 
,after  exiting  the  impeller  channels- by  portions.  There  occurs  exchange 
by  pulses- of  particles  of  liquid  of  different  energies,  which  is 

i  ,  ■  i 

accompanied  by  substantial  losses  of  head.  The  feed  admission 

:  i  '  '  * 

especially  shows  up  under  conditions  of  the  small  pump  capacities. 
Hydraulic  losses  In  the  outlet  devices  of  vane  pumps  are  the  determining 
among  other  types  of  losses.  !  .  ! 


7.22.  Model  of  Motion  of  .Liquid  in  the  Elements 
of  the  Hydraulic'  Passage  7  i 
of  Screw  ForepumD 


■  Thd  hydraulic  passage  of’ a  screw  forepump  consists  of  the 
following  basic  elements: 

*  «  .  »  ’  i 

-  impelle'r  (s(crew  conve’yer);  1  i 

I 

.  ;  .  I 

-  .inlet  device;  .  '  , 


-  outlet  device; 


-  housing  of  forepump. 
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The  impeller  of  forepump  with  s  vanes  can  be  made  both  according 
to  the  law  of  forced  circulation 

const,  (7.179) 

and  according  to  the  law  of  natural  circulation 

Cyr**  const.  (7.180) 

In  axial-flow  impellers ,  made  according  to  law  (7.179),  the 
greatest  values  of  peripheral  and  relative  velocities  of  motion  of 
liquid  in  impeller  channels  and  past  the  impeller  take  place  in 
peripheral  layers,  where  static  pressures  are  maximum  along  the  cross 
section.  Consequently,  in  axial- flow  forepumps,  made  according  to 
law  (7.179),  a  mechanism  is  automatically  created  for  cavitation 
suppression  in  peripheral  layers  of  liquid  (both  in  channels  of  axial- 
flow  impeller  and  at  some  distance  after  exiting  it).  For  reliable 
cavitation  suppression  in  screw  conveyers  it  is.  recommended  to  increase 
the  cascade  thickness  to  values  t  =  1.8-2. 3. 

In  axial- flow  forepumps,  made  according  to  law  (7.180),  the  liquid 
velocity  reaches  the  greatest  values  on  the  impeller  hub,  where  static 
pressures  are  minimum  and  the  danger  of  cavitation  stall  of  such 
impellers  is  considerable. 

Inlet  device  is  made  with  arbitrary  change  of  the  cross-sectional 
area  along  the  length  of  the  passage. 

The  motion  of  liquid  in  the  inlet  device  can  occur  both 
without  entry  spin  of  flow,  when  there  are  no  devices  for  flow  spin 
(Ci y  =  0),  and  with  entry  spin,  when  there  are  special  devices, 
which  create  spin  ( C ^  ¥  0). 


Outlet  device  is  made  either  in  the  form  of  a  smooth-wall 
cylindrical  tube,  in  which  liquid  moves  according  to  the  law  of 
natural  circulation,  or  represents  a  section  with  variable  cross- 
sectional  area  and  local  resistances,  intended  for  decrease  of  intensity 
of  counterf lows .  The  law  of  natural  circulation  in  this  case  is 
not  fulfilled. 

The  housing  of  eorew  forepump  is  made  in  accordance  with  the  shape 
of  the  generating  line  of  screw  conveyer  and  can  be  cylindrical, 
conical,  .stepped,  etc. 

At  transient  operating  conditions  of  the  forepump  the  distribution 
of  pressures  and;  velocity  fields  in  every  section  of  the,  passage, 
varies  with  time,  which  substantially  hampers  computations. 

Therefore,  the  calculation  of  hydraulic  losses  in  the  flow  passage  of 
screw  forepump  in  transient  conditions  is  performed  in  quasi-stationary 
formulation. 

Figure  7.6  shows  the  diagram  of  motion  of  liquid  in  screw 
conveyer  channels.  The  exit  velocity  triangles  are  combined  with  inlet 


Fig.  7.6.  For  calculation 
of  screw  forepump. 
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7.23-  Calculation  of  Hydraulic  Losses 
in  Screw  Forepuri.i- 

The  losses  of  head  in  the  forepump  are  made  up  of  losses  in  the 
impeller  (AAP.K),  losses  in  inlet  (A h„)  and  outlet  (A/i»«*)  devices  and 
in  the  housing  (A*«)  of  forepump: 


2  A*| — +  A*» + AA*.  (7.181) 

Hydraulic  losses  in  the  impeller 


stribution 

age 

ssage  of 
stationary • 


w 

with  Inlet 


The  basic  types  of  hydraulic  losses  of  head  in  the  impeller  of 
forepump  are : 

a)  hydraulic  shock  losses,  proportional  to  quantity  AF: 

A*1  =-y- (u* sin* ft, - <2UCim  sin  6,  cos?,+C?„  cos*?,),  (7. 182) 

where  E  -  coefficient  of  hydraulic  shock  losses; 

J  n 

b)  losses  on  secondary  longitudinal  motion  of  liquid  in  screw 
conveyer  channels,  proportional  to  quantity  FM=AI/cosfc,: 

cos^-2'y  §f;COs,8J,+~;Cos^  ft,) (7 . 183 ) 

where  £BT  -  coefficient  of  losses  on  secondary  flows  in  screw  conveyer 
channels ; 

c)  hydraulic  friction  losses.-: 

AAJ==$iil£iL,  (7.1810 

Drm  2 

where  5  -  coefficient  of  hydraulic  friction  losses;  Lcp  -  length 
of  vane  along  the  average  diameter  of  screw  conveyer;  D_  -  hydraulic 
diameter  of  screw  conveyer; 
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where  £**.  £*  -  coefficients  of  losses  on  .friction  .and  overcoming  local 
resistances  respectively;  jD,.^  -  hydraulic  diameter  of  inlet  pipe. 

Hydraulic  losses  in  the  outlet  device 
of  screw  forepump 

The  main  types  of  losses  in  the  outlet  device  are: 

~  hydraulic  friction  losses; 

-  losses  on  overcoming  local  resistances; 

-  losses  on  compression  of  vapor-gas  volumes ; 

I 

/ 

-  losses  on  mixing  of  Jets  of  various  energies. 


Thus , 
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(7.190) 


7.21!.  Actual  Head  of  Screw  Forepump  for  Transient 
and  Steady  Conditions 

The  actual  head  of  vane  pump  is  determined  either  by  multiplica¬ 
tion  of  theoretical  head  by  the  hydraulic  efficiency  of  the  pump 

ff=//Tr |r,  (7.191) 

or  by  subtraction  of  hydraulic  losses  in  the  pump  from  theoretical  head 

(7.192) 

I 

In  the  first  case  it  is  necessary  to  obtain  the  calculation 
relationship  for  hydraulic  efficiency,  in  the  se^ jnd  -  for  total 
hydraulic  losses  in  the  pump. 


We  will  use  relationship  (7.192). 


and 


The  expression  for  actual  head  of  screw  forepump  in  transient 
and  steady  states  is  obtained  by  subtraction  of  total  hydraulic 
losses  taking  into  consideration  dynamic  phenomena  in  inlet  and  outlet  whe 

devices  of  forepump  from  the  equation  for  theoretical  head  of  screw 
conveyer  (7.170)  or  (7.175):  Q*' 
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1  outlet 


I 


ined  from 


.195) 


.196) 


and  In  coordinates  ♦“M?)  is  written  so: 

(7.197) 

where  -  coefficient  of  fore  pump  head;  ?=-2.  -  flow  coefficient: 

•  t/j  pr0 

~  capacity  at  zero  theoretical  head  of  screw  forepump. 

oO'ltr8 

C.  GAS  TURBINE  OP  TURBOPUMP  UNIT 

1 

7.25.  Determination  of  Turbine  Power  j 

* 

In  liquid-propellant  rocket  engines  single-stage  and  two-stage 
gas  turbines  are  applied.  In  powerful  engines,  made  open  configuration,! 
as  a  rule  action  two-stage  turbine's  are  applied.  In  low-thrust  engines  j 
of  this  configuration  single-stage,  turbines  are  applied.  ; 

In  engines  with  turbogas  afterburning  single-stage  axial-flow 
reaction  and  centripetal  turbines  are  used.  In  certain  cases  axial-  < 

flow  action  single-stage  turbines,  are  applied.  Efficiency  of  such 

turbines  is  not  high,  however.,  in  configurations  with  gas  afterburning  ; 

this  does  not  lead  to  lowering  of  engine  thrust.  j 

4 

i 

t 

Many  works  have  been  dedicated  to  the  detailed  examination  of  [ 

questions  of  theory  of  turbines.  Within  this  book  we  will  be  limited  j 
to  examination  of  the  derivation  of  equations  of  power  and  moment, 
being  developed  by  one  stage  of  an  axial-flow  turbine.  j 

i 

> 

With  derivation  of  equations  of  power  or  moment  of  the  turbine  ! 

.  '  i 

we  consider  the  design  features  and  operating  .conditions  of  nozzle 
rings,  rotor  wheel  vanes,  friction  between  turbogas,  the  wheel  disk  and  , 
housing  walls,  discharge  conditions  of  turbogas  from  the  housing,  etc.  \ 

} 

Initial  relationship 

I 

The  connection  between  power,  developed  by  the  turbine,  and 
moment  on  the  shaft  is  determined  by  known  equation  •, 
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C 

(7.198)  smalle 

by  coe 


Under  steady  state  conditions  on  the  turbine  shaft  depending  on 
power,  transferred  by  turbogas  to  the  rotor  blades'  of  the  turbine,  it 
is  determined  by  formula  T 

^=^*1,.,,  (7.199) 


where  tin.*  —  efficiency  coefficient,  considering  the  losses  appearing  where 

during  transmission  of  power  from  blades  to  the  shaft,  namely:  losses  betwee 

on  friction  of  blades  and  disk  against  turbogas,  located  in  the  turbine  radius 

housing;  losses-  caused  by  parasitic  circulation  and  turbulent  motion 
of  turbogas  between  the  disk  and  housing;  mechanical  friction  in  L 

bearings  and  sealing  devices,  etc.  walls 

by  tur 

At  nonsteady  state  instead  of  relationship  (7.199)  we  will  have  the  cc 

be  cha 

(7.200)  along 

where  mr  -  mass  of  turbogas ,  flowing,  along  the  internal  cavity  of  the  T 

turbine,;  Cr  -  averaged  value  of  acceleration  of  mot ion^  of  turbogas ; 

—  averaged  value  of  the  radius  of  wheel  blades.' 


The  last  component  in  relationship  (7*200)  can  be  represented  by 

sum: 

mtrfiramerc^e‘\' m.,rACA+ ntKrKdK.  (7.201)  Here  P> 

P.i  -  a 

In  the  rigfct  side  of  equation  (7.201)  the  addend  characterizes  the  ci 

the  effect  of  inertness  of  turbogas  moving  in  nozzles,  the  second  to  r; 

component  -  reflects  the  inertness  of  turbogas  in  the  interblade 
channels  and  the  third  component  -  in  the  turbine  housing. 

where 
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Calculations  show  that  the  third  component  in  equality  (7.200)  is 
smaller  than  the  second.  Considering  the  inertness  of  turbogas  flow 
by  coefficient  £r,  we  obtain 

ywt=^-|r/T«.  '(7.202) 

(u 

The  moment  on  the  turbine  shaft  can  be  calculated  by  formula 

Mr—Pur A.t»  (7.203) 

where  -  peripheral  force,  appearing  as  a  result  of  interaction 
between  turbogas  and  rotor  wheel  blades ;  r  -  average  value  of 
radius  of  interbiade  channels. 

Let  us  examine  the  interblade  channel,  limited  by  two  blades  and 
walls  of  the  rim  and  disk.  With  flow  about  the  profile  of  blades 
by  turbogas  there  is  revealed  an  uneven  pressure  field,  acting  both  on 
the  concave  side  and  the  back  of  blades.  The  amount  of  pressure  will 
be  changed  along  the  length  of  the  blade  (i.e.,  along  the  radius)  and 
along  the  length  of  the  interblade  channel. 

The  moment  on  blades,  calculated  for  one  channel, 

/■r  i 

—j  j  P»  (r,  /)cos[^(r,  l)\rdrdl- 
i  ■ 

-j  jp3(rf  /)cos{ ?'(r,  l)]rdrdl.  '(7.204) 

Here  Pair,  l)  -  pressure,  affecting  the  concave  side  of  the  blade; 
fri  -  angle  between  the  tangent  to  the  considered  blade  and  tangent  to 
the  circumference  of  radius  r,  measured  in  the  plane  perpendicular 
to  r;  r\,  n  -  the  smallest  and  largest  radii  of  interblade  channel: 

r2—rl=h, 

where  h  and  l  -  height  and  length  of  interblade  channel. 
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The  second  term  in  the  right  side  of  equation  (7.20$)  character¬ 
izes  the  magnitude  of  moment  on  the  blades,  caused  by  the  action  of 
turbogas  on  the  blade  back. 

The  amount  of  moment  Mat  will  depend  on  the  'location  of  the 
considered  interblade  channel  relative  to  the  turbine  nozzles, 
consequently,  Af.ii(<p),  where  ?  -  angle  of  rotation  of  rotor  wheel, 
which  characterizes  the  place  of  the  location  of  the  considered 
interblade  channel. 

« 

Thus,  the  moment  on  the  shaft 

AfT=JSl'!ill .  (7.205) 

^.T 

More  precise  research  of  the  process  of  appearance  of  the  moment  on 
the  turbine  shaft  requires  the  use  of  equations  (7.204)  and  (7.205). 
For  determination  of  M when  performing  engineering  calculations  we 
use  formula  (7.203). 

Determination  of  peripheral  and  radial  forces, 
affecting  the  blades 

In  the  flow  area  of  a  single-stage  axial-flow  turbine  the  element 
of  mass  dm  of  turbogas  moves  with  speed  C .  If  the  average  pressure 
along  the  section  of  flow  at  the  interblade  channel  inlet  is  equal  to 
the  exit  pressure,  then 

dPdt-d(Cdm),  (7.206) 

where  dP  -  elementary  force  of  action  on  blades;  dPdt  -  elementary 
force  pulse;  Cdm  -  momentum  of  elementary  mass;  d(Cdm)  -  change  of 
momentum. 
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Under  steady  state  conditions  ; 

‘  ”  *  ’  ’  § 

—==.C==  const, 

it 

*  consequently, 

dP**GdC. 


By  integrating,  we  obtain  \ 

P=jGdC.  | 

.  i 

In  the  direction  of  motion  the  blades  will  be  affected  by 
oeripheral  force  J 

t 

i 

Py  —  —  J GU (C cos  a),  (7.207)  * 

where  a  -  the  angle  of  direction  of  motion  of  turbogas  in  interblade  J 
channels.  ! 

x 

The  axial  force,  affecting  the  blades,  ] 

/  f 

f 

4 

Gd(C slna).  (7.208) 


The  right  side  of  (7.207)  should  be  integrated  C ^  cos  a,,  to 
cos  a2  (Fig.  7.7).  Having  completed  integration,  we  obtain 


P u  ’ —  G  (Gj  cos  C|  Gj  cos  (ij). 


(7.209) 


Fig.  7*7.  The  velocity 
triangles  for  the  flow 
area  of  a  turbine.. 
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Derivation  of  the  working  formula  for  determination 
of  turbine  power 

By  using  equations  (7 •199)  and  (7.203)  for  determination  of 
power  on  blades,  we  .obtain 


‘  (7.210) 


Whence  the  power  on  the  shaft 

.VT=/Vv» *|Jt.  (7-211) 

By  substituting  here  the  value  of  peripheral  force,  which  affects 
the  rotor  wheel  blades,,  from  equation  (7.209)  we  find 

— t»rt  (C,  cos  di + C2  cos  02)  .  (7.212) 

For  further  conversions  it  is  necessary  to  know  the  motion  of 
turbogas  in  the  flow  area  of  interblade  channels.  As  an  example  let 
us  examine  the  results  of  calculation,  oresented  in  the  form  of 
velocity  triangles  in  Fig.  (7-7),  whence  it  follows  that 

•  C2cosaj=w,,2cosf!2— w,.  (7.213) 

The  relative  exit  velocity  of  working  medium  from  the  flow  area  of 
interblade  channels 


(7.214) 


where  i|)  -  coefficient,  considering  losses  in  ihterblade  channels; 

H  -  heat  drop  on  the  turbine;  p  -  the  degree  of  reaction  of  blades; 
^  -  relative  inlet  velocity  of  working  medium  into  the  flow  area 
of  the  turbine. 

From  velocity  triangles  it  is  evident  that 
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The  discharge  velocity  of  turbogas  from  nozzles 

C,=f/2Ai£+cS,  (7.216) 

where  $  -  velocity  coefficient,  which  characterizes  losses  in  nozzles 
A i  -  polytropic  change  of  heat  content  of  turbogas  in  nozzles. 

How  instead  of  equality  (7.212)  we  will  have 


Nj—mrj,  [<f  COs  a,  ]/ 2A 4+C0+ 


n,.rG.  (7.217) 


If  for  all  parameters,  which  enter  (7.217),  besides  u  and  G 
we  take  their  average  values,  then  the  formula  of  power  is  reduced  to 
the  form 


/Vt=(.A  —  Bia)iaG, 


(7.218) 


where 


cos  a,  ]/  2A/c+Co+tco«p2X 


(7.219) 


(7.220) 


The  flow  rate  of  turbogas  under  steady  state  conditions 


Here  -  the  total  throat  area  of  turbine  nozzle  rings;  R,  TV,  />» 

.parameters  of  turbogas  before  the  turbine  nozzle  ring  inlet 

*"(rr rf/^’  a-222) 

where  n  -  politropic  index. 
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CHAPTER'  VIII 

OPERATING  CONDITIONS  AND  CONFIGURATIONS  OF 
POWER  PLANTS 


Engine  Operating  Conditions 


The  third  section  Is  dedicated  to  examination,  of  some  questions, 
which  characterize  the  Interconnection  of  processes,  proceeding  in 
the  combustion  chamber  and  in  units  of  the  feed  system. 


It  is  possible  to  distinguish  three  characteristic  operation 
conditions  of  an  engine:  starting,  operating  conditions  and  shutdown. 
In  fulfilling  these  conditions  both  the  combustion  chamber  and  units 
of  the  feed  system  take  part. 


Starting  is  the  complex  combination  of  parallel  and  series  executed 
operations.  These  include  preparation  of  tanks  and  pressurization 
system,  actuation  of  valves,  filling  of  lines  by  propellant  components, 
ignition,  rise  of  pressure  in  the  chamber  at  variable  operation 
conditions  of  turbopump  unit  and  the  character  of  motion  of  liquids 
in  flow  passages,  etc. 


'Starting  is  considered  according  to  data  of  a  manufactured  or 
designed  engine  and  with  consideration  of  the  features  of  its 
operation. 
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Starting  is  considered  with  the  aid  of  a  system  of  ordinary 
differential  equations  on  analog  or  digital  computers . 1  In  a  number 
of  organizations  engineering  methods  of  calculation  have  been  developet 
and  standard  programs  compiled  for  digital  computers.  The  running  of 
a  number  of  programs,  terminating  in  engine  starting,  is  called  engine 
starting. 

Under  engine  operating  conditions  the  engine  parameters  are 
changed  under  the  action  of  commands,  proceeding  from  the  control 
system,  under  the  action  of  external  factors  and  because  of  execution 
of  programmed  control. 

Modern  engines  are  equipped,  as  a  rule,  with  a  tank  emptying 
system  (SOB)  [COB]  and  an  apparent  speed  regulator  (RKS)  [PHC]. 

The  SOB  can  be  analog  or  digital,  moreover  the  most  complete 
fuel  consumption  will  be  under  the  action  on  the  part  of  the  SOB 
during  the  entire  period  of  operation  of  the  engine.  Under  the  effect 
of  various  actions  the  component  ratio  deviates  with  time  from  its 
optimum  value,  in  this  case  the  SOB  on  the  average  provides  the 
optimum  value  of  component  ratio,  i.e., 

i  S  k,„. 

o 

Depending  on  the  accepted  program  of  change  of  flight  velocity 
of  a  rocket  and  the  action  of  disturbing  factors  of  the  system  the 
RKS  feeds  commands,  as  a  result  of  which  the  engine  thrust,  varying 
with  time,  brings  the  apparent  velocity  of  the  rocket  to  its  programmed 
value . 


Calculation  of  engine  starting  with  the  aid  of  "Strela"  digital 
computer  was  performed  by  the  author  in  1955;  despite  the  limited 
quantity  of  utilized  differential  equations  it  was  possible  then  to 
obtain  good  agreement  of  calculation  data  with  results  of  flight  tests 
[67]. 


The  actual  velocity  of  the  rocket 
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In  some  engines  cruise  condition  control  is  carried  out  by  a 
-system,  which  includes  specialized;  computers. 

Calculation-  of  engine  under  operating  conditions  is  .performed 
with  the  aid  of  algebraic  and  differential  equations,  which  describe 
the  processes  in  the  combustion  chamber  .and  in  elements,  of  the  feed 
system. 

Depending  on  the  type  of  equations  and  the  goal  of  research  we 
use  analog  or  digital  computers.  The  first  are  applied  when  processes 
are  described  with  the  aid  of  ordinary  differential  and  algebraic 
equations.  The  solutions  are  obtained  in  the  -form  of  charts  on 
oscillographs.,  tables,  or  the  course  of  solution  is  seen  on  the  screen 
of  an  oscilloscope.  When  using  analog  computers,  it  is  possible  to 
easily  change  the  values  of  coefficients  of  equations  and  look  over 
many  variants  for  a  short  time . 

Digital  computers  (TsVM)  [I4BM]  are  suitable  for  investigating 
and  both  ordinary  differential  equations  and  equations  in  partial 
derivatives.  The  accuracy  of  computation  is  great,  but  during  prolonged 
computation  the  error  increases  in  time  so  that  sometimes  even  -.the 
stability  of  computation  is  lost. 
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The  accuracy  of  calculation  does  not  only  depend  oh  the  perfec¬ 
tion  of  approximate  mathematical  methods  and  computer  technology. 
Sometimes  the  degree  of  perfection  of  the  basic  mathematical  instrument, 
our  inadequate  knowledge  of  the  processes  themselves,  proceeding  in 
the  power  plant,  have  decisive  value. 

The  process  of  engine  shutdown,  determination  of  aftereffect 
pulse  and  its  scattering  are  examined  in  a  number  of  works  (see, 
for  exiunple,  [153,  [643),  therefore  only  the  minimum  necessary 
attention  is  given  to  this  question  in  the  book. 

8.2.  Configurations  of  Power.  Plant 

Figure  8.1  depicts  the  configuration  of  an  engine  with  tanks, 
loaded  by  high  pressure.  The  feed  system  of  such  an  engine  is  called 
pressure,  gas  pressure  or  loaded.  In  the  examination  of  engines, 
made  in  the  considered  configuration,  it  is  established  that  the 
relative  engine  weight  (the  ratio  of  the  weight  of  the  engine  construc¬ 
tion  to  the  weight  of  propellant,  which  burns  up  during  the  time  of 
rocket  flight)  sharply  increased  with  increase  of  pressure  in  the 
combustion  chamber.  The  relationship  of  relative  weight  to  pressure 
in  the  chamber  has  asymptotic  character:  as  the  pressure  in  the 
chamber  approaches  pressure  in  the  accumulator  the  relative  weight 
approaches  infinity.  In  connection  with  the  contemporary  tendency 
toward  increase  of  pressure  in  the  chamber  the  feed  system  with 
loaded  tanks  is  not  promising  -from  this  viewpoint  [43,  [153* 

Calculations  show  that  the  relative  engine  weight  is  little 
changed  with  increase  of  thrust;  with  increase  of  rocket  size,  mass 
of  useful  load  and  flight  distance  the  weight  qualities  of  the  engine 
are  not  improved.  Consequently;  it  is  most  expedient  to  apply  engines 
equipped  with  feed  systems  of  the  considered  type  in  stand  devices, 
where  the  relative  weight  is  not  the  criterion,  which  characterizes 
the  quality  of  an  engine,  and  also  in  small  rockets,  at  relatively 
low  pressure  in  the  combustion  chamber. 
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Fig.  8.1.  Diagram  of  liquid-propellant  rocket 
Engine  with  gas  pressure  feed  system. 
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The  specific  weight  of  the  engine  (ratio  of  engine  weight  to 
thrust)  and  relative  weight  are  used  when  determining  the  qualities 
and  the  degree  of  perfection  of  the  power  plant.  Bench  tests  differ 
from  flight  tests  by  the  intensity  of  the  action  of  external  mass 
forces  (under  bench  conditions  V  -  0),  by  the- rigidity  of  connections 
between  the  power  plant  and  elements  of  the., stand,  by  the  different 
operating  conditions  of  SOB  and  RKS. 

When  testing  an;  engine  under  bench  conditions  several  configura¬ 
tions  are  applied,  in  one  case  the  tanks,  pressurized  system  and 
connection  of  tanks  to  pumps  (or  to  the  combustion  chamber)  are 
carried  out  the  same  as  in  a  rocket  and  then  the  results  of  bench  tests 
should  correspond  to  the  expected  results  of  flight  tests  to  the 
greatest  extent.  However,  the  building  of  such  a  stand  and  its 
operation  are  associated  with  considerable  difficulties. 
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In  another  case  the  stand  has  its  own  stationary  system  of  tanks,  » 

lines,  and  tank  pressurizing  system.  Here  bench  tests  will  differ  1 

from  flight  both  at  starting  and  at  operating  conditions.  Starting  j 

will  not  correspond  to  flying  if  only  because  the  inertness  of  the  j 

stand  hydraulic  lines,  as  a  rule,  is  higher  than  for  the  rocket.  j 

During  starting  and  under  operating  conditions  in  the  inlet  system  I 

of  lines  of  the  stand  there  will  appear  wave  processes,  which  differ  j 

from  those  observed  in  the  rocket.  j 

f 

j 

For  the  purpose  of  approximation  of  starting  of  the  engine  under  j 
stand  conditions  to  flight  conditions  we  apply  stands  with  receivers 
or  with  continuous  flow  tanks.  However,  here  the  results  of  bench  \ 
tests  differ  from  flight.  As  practice  showed,  with  the  presence  of  | 

receivers  it  is  not  possible  to  obtain  agreement  of  curves  p  At)  in  ? 

K  i 

bench  and  flight  tests  during  the  entire  starting  period,  and  wave  j 

processes  on  the  stand  frequently  differ  from  those  characteristic 
for  flight  conditions. 

Figure  8.2  depicts  the  configuration  of  a  liquid-propellant  j 

rocket  engine,  equipped  with  pressure  feed  system,  but  with  liquid-  i 
propellant  pressure  accumulator  of  liquid-propellant  rocket  engine.  ' 
In  tanks  with  basic  component  reserve  G ^  and  G 2  there  are  located  j 

small  combustion  chambers  -  generators  2.  Fuel  is  forced  into  these  j 

generators  from  auxiliary  tanks  3  with  the  aid  of  cpmpressed  gas, 
located  in  bottle  1.  The  weight  characteristic  of  such  an  eng:!ne  is  j 
somewhat  better  than  shown  in  Fig.  8.1,  however  for  heavy  rockets,  ‘ 

in  .the  chambers  of  which  high  pressure  prevails,  it  is  inexpedient  ; 

to  apply  a  pressurizing  system  with  liquid  propellant  accumulator.  j 

"  j 

The  sequence  of  operation  of  the  automatic  equipment  of  the  i 

main  engine  lines  here  in  principle  does  not  differ  from  the  case  j 

examined  above.  The  automatic  equipment  of  the  engine  should  provide 
constant  (nominal)  pressure  in  tanks  after  the  start  of  operation 
of  the  engine  and  maintain  the  required  pressure  in  the  combustion 
chamber. 
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Fig.  8.2.  Diagram  of  liquid- 
propellant  rocket  engine  with  liquid 
fuel  pressure  accumulator:  1  — 
bottle  with  compressed  gas;  2  — 
liquid  fuel  accumulators  (generators); 
3  —  fuel  tanks  of  generators. 


'  i 
\ 


When  designing  the  construction  of  hydraulic  passages  of  engines 
.  it  is  also  necessary  to  provide  values  of  hydraulic  loss  coefficients 
al*  a2  anc*  mass  coefficients  and  b 2>  so  that  the  component  ratio 
of  propellant  after  engine  starting  would  be  maintained  optimum, 
providing, the  greatest  reliability  and  the  proper  economy. 

Figure  8.3  shows  the  configuration  of  an  engine,  equipped  with 
turbopump  unit  4  and  generator  3,  operating  from  monopropellant 
(hydrogen  peroxide)  turbogas  G To  such  a  configuration  was  made 
rocket  engine  ’'Fau-2."  Research  of  the  considered  engine  configura¬ 
tion  showed  that  with  increase  of  pressure  In  the  combustion  chamber 
to  comparatively  high  values,  the  relative  engine  weight  is  decreased. 
Further  increase  of  pressure  In  the  chamber  leads  to  some  increase  of 
relative  weight.  With  increase  of  thrust  the  relative  engine  weight 
is  decreased. 


(Fig. 

gas  g 

of  th 

engin 

of  ea 

spinu 

perip 

dlrec 

turbj 

pump 

lnsta 


335 


k 


1 


ngines 

Icients 


>  with 

t 

made 
igura- 
h amber 
creased, 
ease  of 
weight 


Pig.  8.3.  Diagram  of  liquid  bipropellant 
rocket  engine  with  turbopump  unit  and 
single-component  gas  generator:  1  - 
bottles  with  compressed  gas;  2  -  fuel 
tank  of  gas  generator;  3  -  gas  generator; 
4  —  turbopump  unit. 


In  >the  process  of  further  perfection  of  the  engine  configuration  ] 
(Fig.  8.4)  the  pressure  feed  of  propellant  (third  component)  into  the 
gas  generator  . was  replaced  by  pumping.  This  led  to  ,a  small  improvement  J 
of  the  weight  parameters  of  the  engine.  The  starting  time  of  such  j 

engines  is  somewhat  longer  than  for  liquid-propellant  rocket  engines 
of  earlier  described  configurations.  In  the  case  of  preliminary 
spinup  of  the  turbopump  unit  shaft  the  starting  depends  on.  the  j 

peripheral  velocity  of  the  third  component  pump  shaft,  being  changed 
directly  proportional  to  the  peripheral  velocity  of  rotation  of  the  ! 
turbine  shaft.  For  boosting  the  acceleration  of  the  third  component 
pump  between  the  turbine  and  pump  shafts  a  special  starter  can  be  j 

1 

installed. 
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Pig.  8.4.  Diagram  liquid  bipropellant 
rocket  engine  with  turbopump  unit  and 
single-component  gas  generator:  1  — 
bottles  with  compressed  gas;  2  —  fuel  tank 
of  gas  generator;  3  -  gas  generator; 

4  -  generator  pump;  5  —  turbopump  unit. 


From  economic  and  operational  considerations  we  found  it  more 
expedient  to  use  the  basic  propellant  components  for  feeding  the  gas 
generator.  Figure  8.5  depicts  the  configuration  of  an  engine,  whose 
turbine  working  medium  generator  G ^  operates  on  basic  propellant 
components  and  If  turbine  exhaust  gas  is  ejected  into  the 

atmosphere  or  burns  up  in  small  auxiliary  chambers,  then  the  feed  of 
propellant  components  into  the  generator  is  carried  out  by  the  main 
pumps,  moreover  the  bleeding  of  propellant  is  accomplished  past  their 
exit  throats.  If  it  is  proposed  to  burn  up  exhaust  turbine  gas  in 
the  main  chamber,  then  between  the  main  pumps  and  the  generator  there 
are  Installed  pumps  of  the  second  stage  -  for  additional  increase  of 
pressure.  More  modern  configurations  of  power  plant  are  also  possible. 
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Pig.  8.5.  Diagram  of  engine  with  turbopump 
unit  and  gas  generator,  operating  on  the 
basic  propellant. 
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Figure  1.2  shows  the  configuration  of  a  power  plant,  in  which  one  | 

t 

of  the  components  almost  completely  enters  the  gas  generator  of  the 
turbine.  There  it  is  gasified  and  preheated,  enters  the  turbine  and  j 
from  its  flow  passages  -  the  combustion  chamber.  The  second  component  ) 
is  used  for  cooling  the  combustion  chamber  and  enters  'the  chamber  . 

in  liquid  state.  The  power  plants,  madfe  to  such  configurations,  can  i 
operate  economically  at  pressures  on  the  order  of  0il-0.3  MN/m  .  t 


It  is  possible  to  feed  both  components  into  the  combustion 
chamber  in  gaseous  form  {see  Pig.  1.3),  moreover  each  component 
actuates  its  own  'turbine,  which  revolves  one  of  the  pumps.  Figure 
8.6  shows  one  of  the  possible  configurations,  developed  and  investiga¬ 
ted  by  the  author  in  1951. 
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Fig.  8.6.  Closed  configuration  of  liquid-propellant  rocket  engine 
"gas-gas"  with  two  turbopump  units  and  with  afterburning  of  turbogas 
in  the  main  combustion  chamber:  lj  9.,  10  —  injectors,;  2,  7  —  lines, 

connecting  the  pumps  with  ,the  chamber;.  3  -  throttle;  4  —  line  feeding 
component  to  generators;  S  —  pump  impeller;  6  -  two-component  gas 
generator;  8  —  turbine  of  turbopump  unit ;  11  —  combustion  chamber. 
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8.3.  Engine  Starting  and  1 

and 

Here  is  understood  the  totality  of  transient  intra-engine  the  , 

processes,  which  proceed  in  the  period  of  acceleration  to-  the  the  i 

prescribed  amount  of  thrust,  close  to  stationary.  peri' 

i  .e . 

This  idea  encompasses  the  behavior  of  the  whole  series  of  presi 

units  and  their  parameters  in  the  starting  process,  but  in  the  final  valu< 

analysis  it  is  extended  to  the  greatest  degree  to  change  of  pressure  of  tl 


in  the  combustion  chamber  and,  as  a  consequence,  to  change  of  thrust. 

However,  the  change  of  thrust,  although  it  is  the  basic  index 
of  the  starting  process,  does  not  always  quite  fully  characterize  it, 
so  in  most  cases  for  analysis  of  the  starting  indices  it  is  necessary 
to  resort  to -utilization  of  intermediate  parameters,  which  directly 
and  indirectly  reflect  the  internal  power  engineering  of  the  engine.  -  pass: 

The  starting  period  is  characterized  by  a  large  variety  of  processes  whicfr 
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and-  their  interaction.  The  operation  of  the  units  can  proceed  in 
little  studied  areas  of  characteristics,  substantially  deviating  from 
design  and  possessing  large  instability. 

It  is  accepted  to  unite  any  deviations  of  characteristics  of 
structural  elements,  which  lead  to  corresponding  action  on  the  starting 
characteristics,  under  the  idea  of. "internal  factors."  In  turn,  the 
idea  of  "external  factors"  involves  deviations  of  external  medium 
from  standard  (or  accepted  as  standard)  conditions  and  deviations  of 
a  number  of  parameters,  which  are  inlet  for  the  engine,  from  nominal 
values. 

Internal  factors  should  include  the  temperature  of  components 
and  construction,  inlet  starting  pressures,  operation  conditions  of 
elements  of  automatic  equipment,  internal  mass  forces,  structural 
and  technological  features  of  the  units. 

External  -  include  temperature,  ambient  pressure,  external  loads 
and  external  mass  forces.  Of  course,  the  temperature  of  components 
and  the  construction  also  depends  on  the  ambient  conditions,  therefore 
the  given  classification  is  arbitrary  to  some  extent.  Criteria  of 
the  quality  of  occurrence  of  intra-engine  processes  in  the  starting 
period  from  an  energy  point  of  view  are  the  time  of  acceleration, 
i.e.i  the  time  of  establishment  of  the  prescribed  value  of  thrust  or 
pressure  in  the  combustion  chamber,  and  the  provision  of  optimum 
value  of  integral  specific  thrust  during  the  entire  starting  period 
of  the  engine,  i.e.,  quantity 


The  time  of  acceleration  consists  of  the  time  of  filling  of 
passages  with  components  from  starting  valves  to  firing  units,  durinr 
which  there  is  still  no  acceleration  with  respect  to  thrust,  and  the 


3*J0 


I 


time  of  self-acceleration  from  the  beginning  of  the  processes  of 
Ignition  and  burning  to  the  achievement  of  the  prescribed  thrust 
condition. 

The  filling  time  is  determined  by  inlet  starting  pressures, 
the  geometry  of  fuel  feed  lines,  adjustment  of  passages  and  by  the 
combination  of  parameters  of  local  hydraulic  resistances  with 
characteristics  and  the  operating  conditions  of  starting  units  and 
elements  of  automatic  equipment  (regulators,  starter  devices,  pumps 
and  others). 

The  self-acceleration  time  depends  on  the  internal  energy  resources 
of  the  engine  and  conditions  of  their  realization,  which,  in  turn, 
depends  on  the  engine  configuration,  chemical  nature  and  activity  of  - 
components . 

.  So,  for  example,  if  in  an  engine  with  pressure  feed  system  the 
acceleration  time  is  caused  to  a  considerable  extent  by  the  inertness 
of  liquid  in  fuel  feed  lines,  then  with  the  turbopump  fuel  feed  system 
this  component  ceases  to  play  a  noticeable  role  in  the  shaping  of  the 
starting  process  and  the  determining  parameter  becomes  power  on  the 
turbopump  shaft  in  the  acceleration  process. 

Several  programs  of  engine  starting  are  possible.  In  certain 
cases  it  is  expedient  to  first  perform  starting  of  the  turbopump 
unit, -and  then  open  the  engine  starting  valves.  Two-stage  (or  multi¬ 
stage)  acceleration  conditions  of  the  turbopump  unit  are  possible. 

The  main  fuel  valves  can  be  opened  approximately  simultaneously  with 
the  start  of  acceleration  of  the  turbopump  unit.  Depending  on  the 
operating  conditions  of  automatic  equipment  and  parameters  of  the 
feed  system  starting  is  rapid  or  slow.  'In  the  first  case  pressure 
in  the  chamber  increases  to  its  nominal  value  in  a  fraction  of  a 
second,  in  the  second  -  in  several  seconds. 
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The  pump,  located  near  boundaries  of  small  and  large  hydraulic 
resistances,  operates  in  very  severe  and  various  conditions  and  at 
various  modes. 

The  pumping  mode  encompasses  a  rather  wide  area  of  characteristics, 
and  in  the  filling  period  with  the  absence  of  counterpressure  on  the 
part  of  the  front  of  the  moving  liquid  it  becomes,  an  area  of  a  very 
unstable  branch  of  the  head  characteristic  (area  of  starting  condi¬ 
tions).  The  energy  dissipation  mode  is  a  continuation  of  the  pumping 

$ 

mode  in  the  filling  period  at  high  inlet  pressures  and  low  revolutions.  1 
This  mode  is  temporarily  observed  also  during  filling  of  a  rotating  I 
pump  with  component.  The  energy  dissipation  mode  is  not  characteristic  • 
for  a  number  of  contemporary  power  plant.  j 

t 

J 

The  turbine  mode  takes  place  during  rotation  of  pumps  by  the  ; 

flow  of  components  without  a  supply  of  energy  from  the  turbine  which  f 
occurs  during  starting  without  the'  use  of  starter  devices.  This  mode 
is  characteristic  for  a  number  of  contemporary  power  plant  ; 

! 

After  completion  of  the  filling  of  fuel  lines  the  stage  of  self-  ! 

acceleration  is  started,  so  the  filling  period  can  be  considered  as  j 

the  preparatory  stage,  at  which  most  of  the  commands  are  fed  to  the 
automatic  electrical  equipment,  by  which  fcne  creation  of  the  most 

f 

favorable  initial  conditions  for  self-acceleration  is  attained. 

J 

The  complex  of  commands  and  the  priority  of  their  feed  are  j 

united  under  the  idea  of  the  starting  cyclogram.  j 

» 

The  search  of  an  acceptable  cyclogram  is  one  of  the  main  steps  j 

! 

of  the  firing  part  of  starting. 

< 

The  stage  of  self-acceleration  and  requirements,  imposed  on  it,  < 
are  determined  to  a  considerable  extent  by  the  configuration  of  the 
power  plant. 


In  the  configuration  with  pressure  feed  system  the  character 
of  starting  essentially  depends  on  the  kinetics  of  ignition,  the 
inertial  lengths  of  lines,  ambient  conditions.  "Rigid"  startings 
are  accompanied  by  a  "peak"  character  of  change  of  parameters ,  which 
leads  to  overloads.  Measures  for  the  exclusion  of  effects  of  the 
external  medium  acquire  the  primary  role  in  the  softening  of  starting 
(preheating  of  components,  creation  of  prestarting  pressure  in  the 
combustion  chamber,  inhibition  of  components,  etc.). 

The  startings  of  engines,  with  turbopump  feed  system  do  not 
exclude  the  effect  of  the  enumerated  factors,  however  they  do  not 
come  out  already  as  determining;  they  become  the  energy  levels  ofs 
turbine  and  pumps.  In  this  instance  an  especially  large  role  is 
diverted  to  different  types  of  logical  systems  (regulators,  programmed 
throttling  elements  and  others),  with  the  aid  of  which  it  is  possible 
to  actuate  the  internal  power  engineering  of  the  engine.  With  the 
aid  of  logical  systems  the  intensification  and  softening  of  starting, 
decrease  of  overspeeds  and  overloads  of  parameters  are  possible. 

In  the  limit,  the  development  of  a  complex  logical  system  is 
possible,  which  would  allow  regulating  the  acceleration  process. 

Basic  requirement,  which  is  imposed  on  logical  systems,  is  the 
providing  of  a  high  degree  of  reliability  and  stability  of  the 
starting  process  with  the  worst  combinations  of  disturbing  factors. 

Logical  systems  can  be  designed  on  the  strength  of  the  principle 
of  the  appropriate  action  on  one  or  several  parameters ,  moreover 
.this  action  can  be  either  controlling  or  limiting  the  growth  of 
the  parameter  above  a  certain  limit. 

The  application  of  logical  systems  with  controlling  action  is 
limited  to  their  structural  complexity,  by  difficulties  of  their 
development,  by  the  variety  of  their  operation  conditions. 
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Logical  systems  with  limiting  action  are  simpler  in  structural 
use  and  they  found  wide  application. 
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CHAPTER  IX 

QRAPHO-ANALYTICAL  METHOD  OP  CALCULATION 

9.1.  Research  of  Operating  Conditions 
of  an  Engine  by  Qrapho-Analytical 
Method  - 

.Graphic  or  grapho-analytical  methods  of  calculation  have  been 
used  long  and  rather  widely  in  engineering  practice. 

The  grapho-analytical  method,  examined  in  this  paragraph  [67], 
permits  constructing  graphs,  characterizing  the  connection  between 
engine  parameters.  In  this  case  several  calculation  formulas  and 
results  from  processing  experimental  data  are  used.  The  graphs  are 
constructed  with  the  use  of  static  equations,  and  therefore  they 
characterize  engine  operation,  as  if  not  having  inertial  components. 
As  a  result  of  such  approach  to  construction  of  the  solution,  the 
time  factor  drops  from  calculation;  it  is  always  useful  to  preface 
the  study  of  dynamics  with  examination  of  equations  of  statics. 

■The  grapho-analytical  method  of  calculation  of  an  engine  is  a 
good  supplement  to  known  analytical  methods.  By  providing  sufficient 
accuracy  for  engineering  calculations,  with  noticeable  distortions 
of  results  of  processing  experimental  data  it  permits  performing 
calculation  in  rather  short  periods,  graphically  representing  the 
connection  between  parameters  during  engine  operation  at  partial 
load  conditions.  The  graph-analytical  method  of  calculation  gives 
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the  possibility  of  preliminarily  (only  from  the  qualitative  side) 
evaluating  the  static  stability  of  the  engine  and  separate  units, 
studying  the  engine  capabilities  at  considerable  deviations  of 
parameters  from  their  calculated  values*  evaluating  the  effect  of 
peripheral  velocity  of  rotation  of  the  turbopump  unit  shaft,  consumption 
of  generation  means  and  pressurizing  in  tanks  at  operating  conditions 
of  the  engine.  With  the  aid  of  the  grapho-analytical  method  it  is 
possible  to  determine  the  effect  of  external  influences  and  industrial 
tolerances  on  the  value  of  main  engine  parameters.  The  graph- 
analytical  method  is  used  for  calculation  or  investigation  of  a  fully 
determinate  engine,  for  which  there  should  be  known  the  pneudraulic 
circuit,  the  sequence  of  operation  and  the  value  of  a  number  of 
parameters.  During  discussion  of  the  content  of  this  section  we  will 
be  guided  by  the  engine  configuration,  shown  on  Fig.  8.3* 

Hydraulic  circuits 

Figure  9-1  for > an  example  shows  the  pressure  balance  in  the 
main  hydraulic  circuits  of  the  engine.  In  the  right  side  of  the 
graph  is  plotted  the  relationship  of  change  of  engine  parameters  to 
the  oxidizer  consumption  G^,  and  in  the  left  -  to  the  fuel  consumption 
G 2«  There  are  plotted  the  relationships  of  hydraulic  losses  in  lines 
from  the  tank  to  the  lower  injector  edge  in  the  form  of  curves  = 

=  and  Ap2  ■  ^2^2^*  T^e  SraPhs  of  the  examined  functions  can 

be  constructed  'both  by  calculation  and  on  the  basis  of  processing 
experimental  data  -  by  results  of  plant  hydraulic  pressure  drop  tests 
or  according  to  data  of  firing  tests.  Total  hydraulic  losses  along 
the  circuit 


n 

I 


(9.1) 


where  Ap .  -  losses  of  pressure  in  an  element  of  the  circuit. 
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The  expression  for  determination  of  total  hydraulic  losses 
depends  on  the  configuration  of  the  hydraulic  circuit  of  the 
considered  engine.  For  the  configuration  of  oxidizer  circuit  accepted 
by  us 

LPi  —  *f  &Pu  i + ( 9  •  2 ) 

where  ^P6_h1  “  hydraulic  losses  on  the  section  from  the  tank  to  pump; 

Ap  _  ,  —  the  same  from  the  pump  to  the  chamber,  but  without  losses  in 

the  valve;  ApH/)1  -  the  same  in  the  main  valve;  Ap^  -  the  same  in 

the  head  and  on  injectors.  We  will  consider  that  for  the  hydraulic 
circuit  of  fuel 

AP2  — Apg~„2  +  APKj,j+  Ap„P2-|-  Ap<fj,  (9*3) 

where  Ap^^  ~  hydraulic  losses  in  the  flow  passage  of  the  cooling 
system. 


» 


where 


curve: 
the  t: 


where 
pressi 
from  t 
inject 

<5 

densit 
of  gra 
in  the 
to  a  c 


c, 


Fig.  9.1.  Pressure 
balance  in  the  main 
hydraulic  circuits  of  the 
engine . 
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On  the  same  graph  are  plotted  the  head  characteristics  of  the  f 

pumps.  They  represent  the  relationship  of  excess  pressure,  created  | 

by  the  pump,  to  the  consumption  of  component,  moreover  each  curve  | 

l 

pHl  *  /^(C^)  or  ph2  *  ^2^2^  C0I,riesP0n<is  to  a  certain  value  of  J 

peripheral  velocity  of  the  turbopump  unit  shaft.  On  Pig.  9«1  for 
each  hydraulic  circuit  only  one  curve  is  constructed.  In  order  to 
get  the  complete  idea  of  engine  operation  at  cruise  conditions,  J 

calculation  should  be  performed  at  a  number  of  values  of  tu.  The  j 

head  characteristics  of  pumps  are  constructed  by  calculation  or  from  i 
results  of  processing  experimental,  data.  ^Excess  pressure,  created  ! 

Jb'y  the  pump,  is  equal  to  j 

I 

PH~Pt-Poi-  (9.4) 

I 

where  pg  -  pressure  at  pump1  ex-itj  pQ  -  pressure  at  pump  inlet.  > 

I 

Figure  9*1  shows  curves  ((p-.  ...  +  p.  .)  with  respect  to  G..  These 

H  %  0  %  1*  j 

curves  are  equidistant  with  curve  p  .  (£.).  when  reduced  pressure  in 
the  tanks  does  not  depend'  on  the  consumption.  We  will  consider  that 

P6=Pt.c-\-(Pi+Pt)>  '  (9.5)  j 

» 

where  P6  c  “  pressure  in  the  upper  cavity  of  the  tarrtc,  created  by  the 

pressurizing  system;  p.  +  p  —  pressure  of  the  liquid  column,  measured 

0  S  ’ 

from  the  middle  point  of  the  liquid  mirror  in  the  tank  to  the  lower 

injector  edge. 

Quantity  p  .  +  p  depends  On  the  height  of  the  column  and  the 

«7  6  •  j 

density  of  liquid,  the  amount  of  acceleration  of  flight,  acceleration 
of  gravity  and  the  direction  of  flight.  Reduction  pressure  can  vary 
in  the  process  of  flight.  Therefore,,  each  calculation  graph  corresponds  ; 
to  a  certain  moment  of  time  of  rocket  flight. 


bling 


The  equations  of  pressure  balance  for  circuits  will  be  written 
so: 

Pi~Pn\+P6i— Apr;  (9-6) 

Pt—pm+Poi — (9*7) 

Under  stead”-  ■rtate  conditions  p^  and  p2  represent  pressures  in 
the  chamber.  Inasmuch  as  both  hydraulic  circuits  feed  the  same 
chamber,  p^  should  certainly  be  equal  to  p,,.  This  circumstance  is 
used  for  conducting  further  calculation.  If  on  Fig.  9.1  we  plot  p^ 
'and  p2  equal  to  the  actual  pressure  in  the  chamber,  then  by  the  graph 
it  will  be  easily  possible  to  find  values  G ^  and  G 2  corresponding 
to  steady  state.  When  performing  engineering  calculations  for 
construction  of  the  graph,  given  in  Fig.  9*1,  it  is  recommended  to 
take  a  sheet  not  less  than  500  mm  in  size.  Scales  and  G 2  must  be 
selected  so  that  the  length  of  the  segment,  which  characterizes  the 
oxidizer  consumption  at  design  steady  state,  would  be  approximately 
equal  to  the  length  of  the  segment,  which  corresponds  to  analogous 
fuel  consumption. 

Pressure  in  the  combustion  chamber  depends  on  the  quantity  of 
propellant,  which  entered  the  combustion  chamber  G^  +  G^,  equal  under 
steady  state  conditions  to  the  consumption  of  combustion  products 
through  the  nozzle-  throat,  and  on  the  ratio  of  specific  pressure 
pulse  6  to  the  nozzle  throat  area  F  .,  moreover 

Kp 


where  R  and  T  —  gas  constant  and  temperature  of  combustion  products 

H 

in  the  engine  chamber}  a  —  function  of  politropic  index; 
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here  «  -  the  averaged  value  of  politropic  index. 

The  specific  pulse  depends  little  on  pressure,  but  is  considerably 
changed  with  change  of  component  ratio 

The  parameters,  entering  formula  (9.8),  are  determined  from 

results  of  thermodynamic  calculation,  and  the  specific  pulse  pressure 

can  be  determined,  furthermore,  by  results  of  firing  tests.  The 

quantity  of  propellant,  which  entered  the  chamber,  depends  on  the 

hydraulic  circuit  parameters  and  the  amount  of  resistance,  shown  by 

the  combustion  chamber,  and  the  flow  rate  of  gases  —  on  pressure  in 

the  chamber  p  ,  specific  pulse  $  and  the  nozzle  throat  area  F 

~  np 

Combustion  chamber 

Let  us  use  the  graph  given  in  Pig.  9-1  to  establish  the  connection 
between  pressure  in  the  chamber  p  and  the  inflow  of  propellant  into 
the  chamber  G ^  +  G 2>  Let  us  proceed  with  construction  of  the  graph, 
provided  in  Fig.  9.2.  Let  us  take  the  right  side  of  the  graph  from 
Fig.  9.1  and  for  a  number  of  randomly  selected  values  of  G 1  let  us 
determine  the  values  of  p1< 


Fig.  9-2.  Relationship 
of  flow  rates  and  ratio 
of  components  to  pressure 
in  the  chamber. 
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Inasmuch  as  we  are  considering  steady  state,  we  should  consider 
that  p1  is  p,H.  By  plotting  the  values  of  G 1  and  values  of  pK  corre¬ 
sponding  to  them  on  Pig.  -9*2,  we  receive  curve  G 1  with  respect  to 
p  .  n  perfect  analogy  to,  but  being  guided  by  the  left  side  of  the 

n 

graph  (Fig.  9.1),  let  us  construct  curve  with  respect  to  p  , 
representing  the  relationship  of  inflow  of  the  second  component  into 
the  chamber  to  the  pressure  in  it.  Now  it  is  possible  for  any  pressure 
to  determine  what  the  inflows  of  components  into  the  chamber  will  be. 

On  Pig.  9*2  let  us  note  the  somewhat  randomly  selected  values 
of  p  .  For  each  of  them  it  is  possible  to  determine  the  sum  of 

ft 

G1  +  G2  an<i  by  t0  consfcruot  curve;  G^  +  G^  with  respect  to  pK> 
which  will  represent  the  relationship  of  the  inflow  of  propellant 
into  the  chamber  to,  the  pressure  in  it. 

The  next  stage  of  calculation  is  reduced  to  determination  of 
ratio  k1  for  the  whole  range  of  pressures  in  the  combustion  chamber. 

For  any  artibrary  value  of  p^  we  know  and  C2;  this  is  sufficient 
for  construction  of  graph  k  in  >terms  of  p  presented  in  Fig.  9.2, 
on  which  for  any  value  of  pK  we  have  the  value  of  fe...  For  construction 
of  the  curve  of  relationship  of  the  flow  rate  of  gases  G  ,  escaping 
the  chamber,  to  pressure  p  let  us  use  known  formula 

r\ 


For  a.  number  of  arbitrary  values  of  p  by  the  .graph  of  Fig.  9.2 
we  find  corresponding  Then  by  results  of  thermodynamic  calculation 
or  processing  of  experimental  data  for  each  obtained  value  of  k ^  we 
determine  the  magnitude  of  specific  pressure  pulse.  It  remains  to 
select,  assign  or  determine  by  measurement  the  nozzle  throat  area. 

Now  for  selected  values  of  pH  the  amount  of  flow  rate  of  gas,  escaping 
from  the  chamber,  is  known. 
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The  results  of  calculation  by  formula  (9  - 10 )  are  presented  in 
Pig.  9.2  in  the  form  of  curve  G«.  At  point  *  of  intersection  of 
curves  G1  +  G-g  and  G,  the  inflow  of  propellant  into  the  chamber  is 
equal  to  the  flow  rate  of  gases  (the  combustion  products  of  propellant) 
from  the  chamber.  Therefore,  point  a  corresponds  to  steady  state  of 
operation  of  the  engine  at  rpm  of  the  turbopump  unit  shaft  selected 
for  calculation.  In  the  conclusion  of  calculation  we  find  the  values 
of  At,  G^,  Gg  and  .  Inasmuch  as  G ^  and  Gg  are  known,  by  the  graph 
of  Pig.  9.1  we  find  the  hydraulic  losses,  and  excess  pressure,  created 
by  pumps,  corresponding  to  the  selected  rpm.  Having  completed  similar 
calculations  for  other  values  of  rpm,  it  is  possible  to  construct  a 
graph  of  the  relationship  of  found  parameters  to  the  rpm  of  the 
turbopump  unit  shaft.  In  order  to  determine  which  revolutions  of  the 
shaft  are  operating,  it  is  necessary  to  calculate  the  turbopump  device 
and  the  generator. 


Turbopump  unit 

It  is  known  that  power,  required  by  the  pump,  is  equal  to 
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A'h,=^,  (9.11) 

where  Pm  -  excess  pressure,  created  by  the  pump;  Gt  -  mass  flow 
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rate  per  second  of  component  through  the  pump;  Q<  -  density  of  i 

component;  »l«<  -  the  pump  efficiency.  * 

i 

As  a  result  of  calculation  of  hydraulic  circuits  for  the  selected 

revolutions  we  determined  both  excess  pressure,  created  by  pumps,  and  , 

* 

component  consumption.  If  we  accept  *  const  or  if  the  relation¬ 

ship  of  to  pump  parameters  is  known,  then  for  every  selected  value 
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of  rpm  it  is  possible  to  calculate  power,  required  by  each  pun?). 

If  there  is  the  possibility,  then  J7  .  in  terms  of  to  should  be 

H  y 

obtained  experimentally.  By  summing  the  values  of  powers  of  all  the 
pumps,  let  us  construct  the  graph  of  relationship  of  power,  required 
by  these  pumps,  to  the  value  of  the  velocity  of  rotation  to  of  the 
turbopump,  unit  shaft  (Pig.  9.3)* 


Pig.  9.3.  Relationship  of  the 
power  of  pumps  to  the  peripheral 
velocity  of  rotation  of  the 
turbopump  unit  shaft. 
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On  the  basi3  of  additional  .calculation  or  by  using  results  of 
processing  of  experimental  data,  let  us  construct  a  family  of  curves, 
representing  the  relationship  of  turbine  power  to  the  velocity 
w  qf  rotation  of  turbopump  unit  shaft  at  various  consumptions  of 
propellant,  entering  the  gas  generator,  G ^  (Fig.  9.*0. 


*4 


w 


Fig.  Relationship  of 

turbine  power  to  the  peripheral 
velocity  of  rotation  of  the 
turbopump  unit  shaft  with 
different  consumptions  of  gas- 
producing  propellant. 


It  is  known  that  in  the  first  approximation  the  power,  developed 
by  the  turbine,  is  equal  to 


(9.12) 
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where  G ^  -  the  mass  flow  rate  of  -the  working  medium  of  turbine  per- 
second;  A,  Bs-  parameters,  which  depend  on  the  construction  and 
operating  conditions  of  the  turbine-.  They  can  be  calculated,  but  they 
can  be  determined  more  precisely  by  results:  of  processing  experimental 
data.  One  should  bear  in  mind  that  they  depend  on  G-  and  w.  Each 

-  •  i 

curve,  presented  on  Pig.  9.h,  corresponds  to  a  certain  composition  Gy 
While  having  graphs  NH{(a)  and  N,(Gs,<a)->  let  us  construct  the  graph  of 
the  power  balance  of  the  t.urbopump  unit,  for  which  we  combine  both 
graphs  (Pig.  9-5).  If  consumption  G^  is  predetermined,  then  by  the 
appropriate  point  of  intersection  of  curves  Mu+Afa)  («)  and  Nr(G»/i)  we 
find  the  parameters  of  steady  state.  If  w  is  assigned,  then  we  find 
the  required  consumption  of  working  medium  of  the  turbine. 


Fig.  9. '5?  The  balance  of  powers 
for  turbopump  unit;  1  -  turbine; 
2  -  oumps . 


Generator 

In  modem  engines  the  most  diverse  types  of  generators  are 
applied.  If  the  generator  is  fed  with  two  propellant  components,  then 
its  graphic  calculation  is  similar  to  calculation  of  the  main  chamber. 
The  generator,  which  uses  a  third  component  alone  (for  example, 
hydrogen  peroxide),  is  calculated  somewhat  simpler.  The  character  of 
calculation  remains  approximately  identical  regardless  of  whether 
hydrogen  peroxide  (or  another  monopropellant)  will  be  fed  under 
pressure  of  compressed  gas  or  by  a  pump. 


Let  us  examine  the  calculation  of  a  generator  with  gas  pressure 
feed  of  the  third  component  (Pig.  9.6).  On  a  graph  let  us  plot 
pressure  in  the  generator  tank  P«.  If  from  the  value  of  pressure  Pm 


we  subtract  the  amount  of  hydraulic  losses  A p$,  then  for  any  assigned 
flow  rate  of  turbogas  it  is  easy  to  find  pressure  in  the  gas  generator 
Prr. 


-Pig.  9.6.  Ihe  pressure 
balance  for  the  gener¬ 
ator. 
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It  is  possible  to  solve  the  inverse  problem:  by  equation 


Ptt'~ 


- n -  °3 

atr  2  F np.t 


(9.13) 


on  the  graph  of  Pig.  9-6  let  us  draw  a  straight  line,  inasmuch  as  at 
relatively  low  temperatures  of  decomposition  of  third  component 
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where  a„  -  function  of  politropic  index,  determined  by  formula  (9.9). 
The  parameters,  entering  formula  (9.14),  are  determined  by 
calculation.  The  sum  of  2FxV.T  is  defined  as  the  sum  of  nozzle  throat 
areas  of  the  turbine.  The  point  of  intersection  of  lines  of  Fig.  9.6 
will  determine  the  working  parameters  of  the  generator. 


9.2.  Preliminary  Evaluation  of  the  Interconnection 
of  Processes  in  the  Power  Plant 

Let  us  assume  point  a  (Pig..  9.7)  determines  the  parameters  of 
steady  state.  Let  us  examine  the  vicinity  of  this  point.  Let  us 
assume  that  at  some  moment  of  time  under  the  action  of  some  factors 
some  excess  quantity  of  propellant  entered  the  combustion  chamber. 
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As  a  result  of  combustion  of  this  portion  of  propellant  the  pressure 
in  the  chamber  is  raised  and,  as  a  consequence  of  this  -  the  inflow  of 
propellant  to  the  chamber  is  decreased.  However.,  with  increase  of 
pressure  in  the  chamber  the  flow  rate  of  gas  from  the  chamber  will  be 
greater  than  calculated.  Thus,  with  increase  of  pressure  in  the 
chamber  as  a  result  of  combustion  of  the  additional  portion  of 
propellant  there  will  simultaneously  occur  both  decrease  of  inflow 
of  propellant  and  increase  of  flow  rate  of  gas.  This  will  contribute 
to  decrease  of  pressure  in  the  chamber  to  the  calculated  value.  Thus, 
point  a  is  stable,  since  self-regulation  occurs  in  its  vicinity. 

We  will  arrive  at  perfectly  similar  derivations  if  we  trace  the  process 
induced  not  by  increase,  but  by  decrease  of  inflow  of  propellant 
to  the  chamber. 
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Fig.  9.7-  Graphic  determina¬ 
tion  of  design  conditions 
of  the  combustion  chamber. 


Let  us  now  examine  the  same  process,  but  with  consideration  of 
mass  forces  and  friction  forces,  affecting  the  system.  Let  us  assume 
under  the  action  of  a  disturbance  the  pressure  in  the  chamber  increased 
by  quantity  (see  Fig.  9.7).  As  a  result  of  such  increase,  as 
already  mentioned,  the  inflow  of  propellant  to  the  chamber  is  decreased 
and  the  flow  rate  of  gas  from  the  nozzle  increases,  and  due  to  this  - 
pressure  in  the  chamber  is  reduced.  With  change  of  pressures  in  the 
chamber  both  the  velocity  of  propellant,  entering  the  chamber,  and 
the  velocity  of  gas,  escaping  from  the  chamber  are  changed.  In 
view  of  the  inertia  of  moving  liquids  and  gas  the  amount,  of  pressure 
in  the  chamber  at  a  certain  moment  of  time  will  be  less  than  nominal 
by  quantity  42. 


If  forces  of  friction  are  absent  in  the  system,  then  the 
•amplitudes  of  pressure  fluctuations  A 1,  A^t  A^t  etc.,  will  be  equal 
to  each  other,  and  pressure  fluctuations,  occurring  with  constant 
amplitude  will  be  observed.  Thanks  to  the  action  of  friction  forces, 
which  appeared  in  flows  and  between  liquids  and  walls  of  elements  of 
the  lines,  the  magnitude  of  the  amplitude  of  each  subsequent  half-wave 
will  be  less  than  the  previous;  damped  oscillations  take  place  in  the 
system.  Thus,  if  the  "chamber-hydraulic  circuit”  system  receives 
disturbance,  as  a  result  of  which  the  pressure  in  the  chamber 
deviates  from  its  nominal  value,  then  in  the  vicinity  of  point  a 
damped  oscillations  will  appear.  One  should  bear  in  mind  that  such 
evaluation  of  stability  of  the  character  of  motion  of  the  system  is^ 
tentative,  preliminary,  since  it  was  accomplished  while  not  allowing 
for  the  period  of  delay  and  other  factors. 

If  we  exclude  anomalous  cases  from  examination,  then  the 
"chamber-hydraulic  circuit"  from  examination  (point  a  in  Pig.  9.7) 
is  always  stable.  Unstable  operation  of  this  system  is  possible  only 
with  very  considerable  deviations  of  ratio  from  its  nominal  value. 

The  situation  is  somewhat  more  complex  with  the  turbopump  unit, 
which,  depending  on  the  characteristic,  can  be  both  stable  and  unstable, 
i.e,,  it  can  or  cannot  possess  the  feature  of  self-regulation.  Let 
us  note,  however,  that  in  the  overwhelming  majority  of  cases  the 
"turbine-oump"  system  is  stable,  and  research  is  reduced  to  determina¬ 
tion  of  the  degree  of  stability. 

Let  us  examine  the  balance  of  powers  of  the  turbopump  unit,  the 
turbine  of  which  is  fed  by  a  generator  with  gas  pressure  feed  of  third 
component  into  it  -  hydrogen  peroxide.  At  steady  state  the  turbopump 
unit  parameters  are  determined  by  point  of  intersection  a  (Fig.  9.8). 

Let  us  assume  that  in  view  of  these  or  other  disturbances  the 
peripheral  velocity  of  rotation  of  the  turbopump  unit  shaft  increased 
from  value  u»1  to  (Pig.  9.8b).  In  this  case  the  power,  required 
by  pumps,  will  be  greater  than  power  developed  by  the  turbine. 


Let  us  compare  the  stability  two  turbopump  units.  Let  us 
assume  the  turbine  of  the  first  turbopump  unit  is  fed  by  steam  gas, 
received  in  the  generator  with  gas  pressure  feed  of  hydrogen  peroxide, 
and  the  turbine  of  the  second  turbopump  unit  -  by  steam  gas, 
received  in  the  generator  with  pump  feed  of  hydrogen  peroxide.  The 
.balance  of  powers  is  represented  in  Pig.  9.9.  With  gas  pressure  feed 
of  peroxide  line  1-1  is  the  relationship  of  power,  required  by.  pumps, 
to  the  velocity  of  rotation  of  the  turbine  shaft,  and  lines  3  - 
characteristics  of  turbine,  which  correspond  to  certain  different 
flow  rates  of  generation  means.  If  the  turbine  characteristic 
represented  by  line  3-IV,  then  the  stability  of  turbopump  unit 
is  determined  by  angle  a. 


Fig.  9*9.  The  balance  of 
powers  of  two  turbopump 
units ,  fed  from  different 
generators . 


Let  us  now  examine  the  pujnp  feed  of  peroxide.  Power,  required 
by  pumps,  will  be  gre.ater  than  in  the  previous  case,  due.  to  pqwer, 
required  by  the  third,  additional,  pump.-  Now  Instead  of  line  l-l 
the  relationship  of  power,  required  by  three  pumps  j  to  the  angular 
velocity  of  rotation  of  the  shaft  of  the  device  will  be  represented 
by  line  2t-2.  By  special  calculation  of  the  generator  it  is  possible 
to  establish  the .relationship  between  the  velocity  .of  rotation  of  the  > 
pump,,  feeding;  peroxide,  and  the  flow  rate  of  peroxide.1  Let  us  assume 
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that  in  this  case  the  relationship  of  turbine  power  to  the  velocity  of 
rotation  of  the  shaft  be  represented  by  line  4-4,  then  the  stability 
of  turbopump  unit  will  be  determined  by  angle  6.  The  slooe  of  line 
4-4  a  an  be  changed,  if  we  equip  the  hydraulic  circuit  of  the  generator 
with  a  regulator,  made,  for  example,  in  the  form  of  a  throttle  valve, 
actuated  by  a  centrifugal  regulator.  Line  5-5  is  the  relationship 
of  N  to  to  with  pump  feed  in  the  case  of  action  of  the  regulator. 

Let  us  take  point  a;  which  corresponds  to  operation  without  a 
regulator.  If  we  throttle  the  hydraulic  circuit  of  the  generator  by 
-turning  the  throttle  to  a  certain  angle,  then  the  flow  rate  of 
hydrogen  peroxide  is  decreased;  instead  of  point  a  the  turbine  power 
will  be  determined  by  point  fi.  At  high  revolutions  without  a 
regulator  the  turbine  power  will  be  determined  by  point  a' ;  as  a 
result  of  even  more  turning  of  the  throttle  instead  of  point  a'  the 
turbine  power  will  be  determined  by  point  5*.  Thus,  angle  3  can 
be  increased  to  value  y,  which  corresponds  to  increase  the  stability 
of  the  device. 

Let  us  examine  the  question  about  the  stability  of  the  turbopump' 
unit  with  consideration  of  mass  (inertial)  forces  and  friction  forces 
(Fig.  9.10).  Under  the  action  of  external  factors  the  system  leaves 
the  state  of  equilibrium  and  the  design  revolutions  are  increased 
by  the -quantity  of  initial  amplitude  A^.  Here  2 NBi—Nr  is  a  positive 
quantity  -  the  number  of  revolutions  of  the  turbopump  unit  shaft  is 
reduced.  Inasmuch  as  the  moving  wheels  of  turbine  and  pumps  possess 
inertia,  the  revolutions  of  the  shaft  are  decreased  to  a  quantity, 
which  is  less  than  the  calculated  values  of  revolutions. 

Under  the  action  of  friction  forces  (friction  of  liquids  and 
vapors  the  flow  area,  friction  against  the  disk  in  the  housing, 
mechanical  friction  in  seals  and  others)  the  amplitude  is  decreased 
to- quantity  Ag.  With  revolutions  less  than  calculated,  as  a  result  of 
the  turbine  power  exceeding  the  power  of  pumps  acceleration  of  the 
system  is  observed,  which  in  view  of  the  presence  of  flywheel  masses 
is  terminated  at  angular  velocity  of  rotation  u>  >  Amplitude  A ^ 

due  to  the  effect  of  friction  forces  proves  to  be  less  than  amplitude 
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Pig.  9.10.  Damping  of  os  cilia' 
tion3  of  the  angular  velocity 
of  rotation  of  turbopump 
unit  shaft.  1  -  turbine;  2  - 
pun?). 


Another  character  of  motion  is  possible.  Let  us  increase  the 
intensity  of  friction  forces.  Let  us  assume  under  the  action  of 
external  forces  the  equilibrium  is  disturbed,  and  initial  amplitude 
A^  will  be  the  same  as  in  the  preceding  case. 

If -the  factors,  damping  the  system,  act  rather  intensively,  then 
instead  of  the  damped  oscillations  examined  above  «we  will  observe 
aperiodic  motion.  Thus,  stable  point  a  causes  damped  oscillations  or 
aperiodic  motion:  if  under  the  action,  of  these  or  other  factors  the 
system  left  the  state  of  equilibrium.  The  disturbances  of  operating 
condition  of  the  turbopump  unit  are  .caused  by  influences,  directed 
toward  the  combustion  chamber  and  hydraulic  circuits,  by  the  presence 
of  hydraulic  shocks,  which  appear  with  passage  of  the  centrifugal 
pump  .vane  past  the  exit  throat  of  a  spiral  chamber,  periodically 
acting  dynamic  loads,  which  appear  in  the  flow  area  of  the  turbine, 
and  also  by  other  factors. 

The  described  grapho-analytical  method  is  one  of  many,  being 
applied  at  present  in  designer  offices,  in  scientific  and  educational 
institutions.  The  methods,  worked-out  by  Berzheron  [6],  has  received 
wide  distribution  recently. 
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Examp le , 

Determine  by  the  grapho-analytical  method  the  averaged  values  of 
the  main  parameters  of  a  stand  device  after  engine  starting; 

Given'. 
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The  stand  device  of  a  liquid-oropellant  rocket  engine  is  equipped 
with  gas  pressure  feed  system.  Pressure  in  the  tanks  (with  considera¬ 
tion  of  the  action  of  external  forces)  is  kept  constant. 

With  results  of  hydraulic  pressure  drop  tests  the  following  data 
have  been  obtained: 


CxidiMP  ! 

FU»1. 

a, 

.  5/?l 

0, 

.4% 

KH/*2 

k*/« 

50 

1.0 

12  . 

1,0 

75 

>  2,2 

20 

3.0 

100 

4,0 

25 

5.0 

125 

6,3 

30 

7,0 

150 

9,0 

35 

9,2 

175 

12,2 

40 

11,6 

200 

16.0 

44 

14,0 

According  to  results  of  thermodynamic  calculation  for  the 
investigated  chamber  there  is  obtained 


MN* 

=■81505  -  « 

kg-M2 


The  component  ratio 


*1 


c, 

o2 


•  *=»  const. 


t 
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Solution 


1.  Let  -us  construct  the  first  graph  (Fig.  9-11). 


‘Fig.  9.11.  Pressure  balance  In 
.the  main  hydraulic  circuits  of 
the  engine  (for  the  example  of 
.calculation) . 


Let  us  select  a  scale  for  G^  and  G^  so  that  segment  G ^  *  100  kg/s 
would  be  approximately  equal  to  segment  G2  *  22.8  kg/s. 


I 

values 
Let  us 
graph. 

F 


On  millimeter  graph  paper  let  us  plot  to  scale  segments  ph  and  Pit, 


respec 

segmen 


Let  us  draw  lines  p» i  and  pit  parallel  to  the  axis  of  abscissa, 
inasmuch  as  pressure  in  the  tanks  does  not  depend  on  the  consumption 
of  propellant  components. 

By  using  the  results  of  hydraulic  pressure  drop  tests ,  let  us 
construct  curves  Ap1s  with  respect  to  G^  and  Ap2  with  respect  to  G2> 

• 

Let  us  construct  the  second  graph  (Fig.  9.12).  Let  us  prepare 
a  sheet  of  millimeter  graph  paper  so  that  along  the  axis  of 
ordinates  it  would  be  possible  to  plot  values  of  pressures  to  1*1  MN/m  , 
and  along  the  axis  of  abscissa  -  values  of  the  largest  possible  total 
consumption  of  components.  With  the  first  graph  (see  Fig.  9.11)  we 
find:  Gii.»««i90  kg/s  and  Cau.i*44  kg/s.  Consequently,  (Gi+c,)n>.x  = 

*  Ob.,«234  kg/s  . 
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Fig.  9.12.  The  relationship  of  flow 
rates  to  pressure  in  the  chamber  (for 
the  example  of  calculation). 
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Let  us  transfer  the  values  of  p14  corresponding  to  a  number  of  £ 

values  of  G, ,  from  the  first  graph  to  the  second  (see  Fig.  9.12).  j 

Let  us  connect  the  obtained  points  by  a  smooth  curve  and  we  obtain  I 

graph.  with  respect  to  pK. 

For  explanation  of  the  method  of  construction  of  curve  G^  with 
respect  to  pH  on  graphs  the  values  of  p^  are  marked  in  the  form  of  » 

segments  I  and  I’,  equal  on  the  first  and  second  graphs  respectively.  ; 


Similarly  there  is  constructed  graph  C2  with  respect  to  pH>  ; 

For  explanation  of  the  method  of  construction  of  this  graph  one  should 
examine  respectively  segments  II,  II’  and  II1',  equal  to  each  other, 
on  fields  of  the  first  and  second  graphs. 

Having  selected  on  the  field  of  the  second  graph  a  number  of  • 

arbitrary  values  of  p,  let  us  graphically  sum  up  segments  G ^  and  c?2  ■ 

and  construct  graph  (G^  +  G2)  with  respect  to  pK- 

Let  us  draw  a  line,  which  characterizes  the  relationship  of  \ 

pressure  in  the  chamber  to  the  flow  rate  of  combustion  products  through 
the  nozzle  throat.  Inasmuch  as  ■  const,  then  pK  with  respect  to 
G  will  be  represented  in  the  form  of  a  straight  line.  ; 
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According  to  the  point  a  of  intersection  of  curve  (G^  +  Gg)  with 
•respect  to  p ,  which  characterizes  the  inflow  of  propellant  into  the 
chamber,  with  line  pK  with  respect  to  G,  which  determines  the  flow 
rate  of  gases  from  the  chamber,  we  find  the  sought  averaged  values  of 
parameters: 

pH  *10  MN/m2  (point  A).;  G  *  122.8  kg/s  (point  B);  •  100  kg/s 

(point  .a)  j  G2  *  22.8  kg/s  (point  T). 

By  Fig.  9.11,  for  G^  *  100  kg/s  we  find  the  amount  of  hydraulic 
losses  Ap1  *  4  MN/m2  (point  D) .  For  C2  *  22.8  kg/s  by  point  E  we  find 
hydraulic  losses  in  the  fuel  circuit. 
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STUDY  OP  TKE  CONNECTION'OP  AVERAGED  PARAMETERS 


Under  operating  conditions  small  deviations  of  parameters  from 
their  calculated  (or  assigned)  values  are  possible.  In  certain  cases 
the  researcher  is  interested  in  the  character  of  change  of- parameters 
with  time.  For  the  solution  of  such  problems  dynamic  equations  are 
drawn  upon.  If  it  is  necessary  to  determine  only  finite  (new)  values, 
then  calculation  is  performed  with  the  aid  of  static  (algebraic) 
equations i  Inasmuch  as  we  are  speaking  about  the  study  of  an  engine 
under  the  condition  that  deviations  of  parameters  are  relatively  small 
then  we  usually  are  guided  by  linear  equations,  obtained  by  means  of 
linearization  of  nonlinear  equations,  derived  and  examined  in  the 
previous  chapters. 


10.1.  Processes,  Proceeding  in  the  Vicinity 
of  Assigned  Conditions 

The  number  of  dynamic  problems  includes  the  study  of  transient 
processes,  caused  by  the  action  of  external  factors;  transient  pro¬ 
cesses,  which  appear  under  action  of  commands,  produced  with  the  aid 
of  control  systems ;  emergency  transition  from  one.  mode  to  another  and 
shutdown  because  of  the  malfunction  of  some  unit  of  the  engine,  etc. 

The  number  of  static  problems  includes:  determination  of 
results  of  the  action  of  external  factors;  determination  of  deviations 
of  parameters,  which  appear  as  a  result  of  errors,  permissible  during 
preparation  of  the  engine  for  operation;  the  calculation  of  engine 


tuning  to  the  required  mode;  evaluation  of  the  precision  and  quality 
of  engine  production;  selection  of  the  class  of  precision  of  manufacture 
and  the  cleanness  of  machining  of  separate  parts,  etc. 

The  initial  system  of  equations  for  solution. of  all  the 
enumerated  problems  is  the  system  of  first  order  linear  differential 
equations  of  type 


=2  ««***••  (10.1) 

t 

where  -  smail  deviation  of  variable  parameter  x a ^  -  constant 
coefficient.  The  system  of  equations  should  be  closed,  for  which  it 
is  necessary  that  the  number  of  equations  i  be  equation  to  the  number 
of  variables  fe.  During  solution  of  static  problems 


*A  =  0, 


(10.2) 


and  the  system  of  equations  takes  the  following  form: 


(10.3) 

Thus,  equations  of  statics  are  obtained  from  equations  of 
dynamics.  The  more  comprehensively  studied  and  the  more  widely  used 
are  static  equations,  the  easier  it  is  to  operate  with  equations  of 
dynamics.  Therefore,  It  proves  to  be  expedient  to  preface  the  study 
of  the  engine  by  static  equations  with. research  of  dynamic  processes. 

Let  us  examine  the  equation  of  the  first  hydraulic  circuit, 
•i.e.,  oxidizer  circuit.  By  using  the  pressure  balance  (6.153)  and 
formulas  obtained  above,  we  find 

*,=/?«. + *V  ~  0i«Gi  ~  0\G] — ±  (G, + G,)  - 

— «,G"  ’  ~  a,,GJ 1  —  6,ti,  — 0.  (10.4) 
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Let  us  distinguish  three  groups  of  parameters.  To  the  first 
group  let  us  refer  the  basic  parameters ,  which  determine  the  operating 
conditions  of  the  machine:  ■  G^y  C2»  Gy  w»  and  also  -  pressure  in  the 
chamber  pv  and;  thrust  P.  Parameters  of  the  second  group  are  those, 
the  values  of  which  change  under  the  action  of  external  factors .  They, 
include:  a.,  b.t  D.t  8.  To  the  third  group  belong  such  parameters, 
the  values  of  which  can  be  changed  at  our  discretion,  for  example, 
pressure  in  the  tank  and  the  coefficient  of  hydraulic  resistance 
of  the  adjustable  throttle  in  equation  (10.4). 

Basic  parameters  receive  small  deviations  &G.  and  Aw  in  view 
of  deviation  of  parameters  of  the  other  two  groups  from  nominal.  The 
parameters  of  the  second  group  can  have  small  deviations,  which  appear 
under  the  action  of  external  factors.  Parameters  of  the  third  group 
characterize  control  or  adjustment  elements,  and-  their  small  devia¬ 
tions  depend  on  the  degree  of  influence,  being  set  by  the  experimenter 
or  by  an  element  of  the  automatic  control  system. 

Small  deviations  of  basic  quantities  will  depend  on  the  change 
of  other  parameters.  The  external  influences,  directed  to  parameters 
of  the  second  group,  appear  for  reasons  of  industrial  order,  opera¬ 
tional  character  and  under  the  action  of  meteorological  factors. 

Industrial  influences  are  caused  by  the  presence  of  tolerances 
during  manufacture  and  assembly.  The  deviations  of  operational 
character  are  explained  by  the  Influence  on  structural  elements  during 
transport,  by  inaccuracies,  which  appear  during  preparation  of  the 
engine  for  operation,  including  errors  of  control  measurements  and 
errors,  permissible  during  adjustment  of  control  elements.  Influences 
of  meteorological  order  are  caused  by  changes  of  ambient  temperature 
and  pressure.  With  change  of  pressure  there  are  changed  the  vapor 
presssure,  the  boiling  point;  change  of  temperature  leads  to  change 
of  heat  content  and  physical  properties  of  components:  density, 
specific  heat,  viscosity  and  thermal  conductivity.  Small  deviations 
of  parameters  of  the  third  group  are  usually  designated  so  as  to  pro¬ 
vide  nominal  conditions,  at  which  small  deviations  of  basic  parameters 
would  be  equal  to  zero. 
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10.2.  Derivation  of  Equation  In  Small  Deviations 

All  parameters ,  entering  equation  (10.4)  can  receive  small 
deviations.  If  these  deviations  are  infinitesimal,  then  the  expression 
of  total  differential  of  the  "considered  function  will  be  exactly  equal 
to  zero;  When  Writing  this  expression  first  let  us  writer  down  the 
terms,  containing  differentials  of  the  basic  parameters,  then  - 
differentials  of  parameters  of  the  second  group  and,  finally,  the 
third*  We  receive 

+'-'+jtdPtl+£;da''~0‘  do-5) 

Parameter  refers  to  parameters  of  the  second  group*  if  deviation 
A p61  is  caused  by  the  action  of  external  factors,  and  to  parameters 
of  the  third  group,  if  deviation  Apel  is  used  for  control  of  the 
operating  conditions  of  the  engine.  With  transition  to  small  finite 
deviations  one  should  remember  -that  unlike  d\ j»1  *  0  deviation  Atf^  is 
nonzero  and  equal  to  error  o.^,  which  appears  as  a  result  of  disregard¬ 
ing  nonlinear  remainders.  When  using  equations  in  small  finite  devia¬ 
tions  the  quantity  a 1  is  frequently  computed  with  consideration  of 
errors,  which  appear  when  determining  the  values  of  constant  coeffi¬ 
cients,  entering  equation  (10.4),  by  calculation  or  experiment. 

Instead  .of  equation  (10.5)  now  we  have 


-“i+ iD,+ 


(10.6) 


In  expression  (10.6)  there  are  considered  small  deviations  from 
assigned  or  steady  state.  If  we  designate  the  current  values  of 
parameters  G.  and  u>,  and  their  assigned  or  steady  values  will  be  G.n 
and  ojq,  then  small  deviation  will  be 
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(10.7) 


It  is 


tions 


369 


I 


-r*. 


all 

xpre3sion 
ly,  equal 
the 

the 


(10.5) 

iation 

leters 

;he 

finite 

^i  Is 
.sregard- 
;e  devia- 
>n  of 
joeffir 
S. 


(10.6) 

ions  from 
of 

!  be  Ci0 
(10.7) 


Inasmuch  as  expression  (lb. 6)  is  a  neighborhood  equation,  all 
partial  derivatives  should  be  calculated  by  the  parameters  of 

'  'it1 

assigned  or  steady  state,  .therefore  they  will  enter  the  equation  in  s 
the  form  of' numbers. 


Let  'us  designate 


ill-/,  .  - 


)  ) 


■att  ,  etc. 


(10.8) 


The  first  subscript  corresponds  to  the  number  of  the  equation, .the 
second  -  to  the  humber  of  parameter.  Inasmuch  as  all-  are  assigned 
and  Inasmuch  :as  small  deviations  of  parameters  o-f  the  second  group  ’ 
should  also  be  assigned,  spm  ' 


i  i 


AK, — a,  jsApji'-t-  jidj  -f-  a,  7\Dt  -f  a,  saD| 


(10.9) 


represents  the  number,  whi’ch  characterizes  the  disturbance  of  the 
considered  function  of  equations.  In  equatibn  (10.9)  .it  is  accepted 
that  in  the  hydraulic  circuit  we' obtain  deviations  of  parameters  ( 

Pgv  ai>  Di »Di- 


The  sum  of  terms,  containing  small  deviations  of  parameters 


of  control,  is .designated  AP.V  In  our  function  there  is  considered 

.  .  • 


one  deviation.  Inasmuch  as  a  conditionally  accepted  engine  is  tuned 
with  the  aid  of  throttle  washers  or  is  controlled  by  commands,  pro¬ 
ceeding  from  liquid  reduction  gear,  therefore  11 


(10.10) 


Finally  the  equation  of  small  finite  deviations^  in  general  form 
nan  be- -written  in  the  following  manner:  ,  > 


(10.11) 


i  « 

It  is  read  !so:  the  sdin  of  prqducts  of  partial  denivatives!'of  func¬ 


tions  according  to'  parameters  by  (small  finite  deviations  of  these 
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parameters  is  equal,  to  the  error,  appearing  as  a  result  of  disregarding 

,  i  i  *  i  i 

i  nonlinear  terris.  ;  The  riumerical'  values  of  partial  derivatives  are 
calculated  from  parameter^  of  the  considered  mode,  from  Which  small 
deviations,  are  read.  ’  .  •  1 


'  .  i  ,  r 

In  interpreted  form  equation  (10.11)  during  solution  of  problems 


about  d^teimination  of  the  action  of  external  factors  will,  be  written 

>  * 

so:  ,  .  i  . 


.  aK1=c1;.  . 


AKi=5flu^«:  ' 


(10.12) 

(10.13*)' 


During  solutioh  of  the  problem  about  adjustment -instead  of 


expression  (10: 12)  we  will  write  '  •  i 

i  :  i  , 

,  AV^  *  -{■’A/5 

i  i  i 

•  i 

1  i  APi— OjiiA^jii*  , 


(10.14) 


'(10.15) 


moreover  the  goal  of  adjustment  will  be,,  the  provision  of  AG,  *  0  and 

«  I  * 

A G2  »  0.  i  With  solution  .'of  the  problem  about  the  action  of  external 
factors  we  find  numerical  values  of  AG1  and  A G^,  which  correspond 


to  the  given -A V., 


1’he  quantity  .and'  type  of  equations  depend,  as  already  indicated, 
on  the  engine  configuration  and  the  formulated  problem.  Let  ,us  be  • 
limited  in  accordance  with  accepted  scheme  of .calculation  to  the 
examination  of  four  basj.c  parameters:  Gy  G2,  Gy'  w.  The  closed 
system  will  include, four  equations. 


In  general  the  basic!  parameters  are  all  G.  and  u>;  therefore.,* 

>  V  1  '  : 


in  the  closed  system  the  number  of  equations  is  eq.ual  to  i  +  1.  As 


the  second  equation  we  take  the  equation  of  hydraulic  fuel  circuit, 


i  > 


which  is  written  so: 
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Equation  (10-l6)  can  be  commented  in  the  same  way 

If  we  consider  the  external  influences  and 
adjustment,  the  equation  of  small  deviations  will 
form:. 

ai  i  AG  j |  -}-  a2  2aG2  -j-  a2  3iu>  -f*  AV’j-j-  aP 2=fy, 

(10.18) 

AP2=ciuia,2.  ,  (10il9) 

The  third  equation  is  the  equation  of  the  turbopump  unit  (see 
Chapter  VII).  Under  steady  state  conditions  it  will  be  written  in  the 
following  manner: 

Let  us  take  the  moment,  developed  by  the  turbine. 


(10.20) 


(10.16) 

as  equation  (10.4). 

the  effect  of 
take  the  following 

(10.17) 


Af, = 2r,  (/fyC ,  cos  a, — m  jin)  G3»)t,  (10.21) 

t 

where  2^  -  diameter  of  the  center  line  of  nozzle  exit  sections;  - 
efficiency  of  turbine;  -  exit  velocity  from  the  nozzle;  a1  -  nozzle  - 
axis  angle;  w  -  angular  velocity1  of  rotation  of  the  turbine  shaft; 

-  mass  flow  rate  of  turbcgas  per  second.  Let  us  write  expression 
(10.21)  so: 


(10.22) 

where  the  coefficients,  which  characterize  the  operating  conditions 
of  the  turbine,  will  be: 
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A  —  2m1rJICt  cos  a,  •  V. 

B  —  2m1rr\j. 


(10.23) 

(10.24) 


Coefficients  and  are  determined  by  the  number  of  stages  and 
depend  both  on  the  construction  of  the  turbine  and  its  operating 
conditions.  According  to  equation  (7.216)  the  exit  velocity  from  the 
nozzle 

Ci—ti  V  2A/7-f  Co.  (10.25) 


The  torsional  moment,  required  by  ;the.  pump,  will  be  equal  to 


AA _ P*  l^l 

MmI  —  - -  . 

Cm  /“»)  k  / 


(10.26) 


where  for  engineering  calculations  it  is  possible  to  consider 

P*  1  —D/vP—  D\<aG,  —  b\Gt.  (10.27) 

Equation  (10.20)  for  the  turbopump  unit,  which  has  n  pumps, 
takes  the  following  form: 


(A— fi(u)G3tlr=r--JJ 


PkiQi 


Equation  in  small  deviations  will  be  written  so: 


(10.28) 


(10.29) 


OPHi 


dGi 


f  .  /"»  VtWisi  l 

—  —  Ai»/t 

Out 


(10.30) 


As  the  fourth  equation  let  us  draw  on  the  equation  of  the 
hydraulic  circuit  of  the  generator.  If  the  feed  of  single-component 
means  of  generation  is  performed  by  a  pump,  then 


-•'V- 


(10.23) 

(10.24) 

ges  and 

rating 

fcy  from  the 


(10.25) 
|to 

(10.26) 

|der 

(10.27) 
\i  pumps, 

(10.28) 


(10.29) 

(10.30) 

|of  the 
(-component 


*A—P6i + Oy — Z)W»4 — DjGl — 
-Gt—  afii* — —0, 


r  Kp.rr 


(10.3D 


where  8rr  -  specific  pressure  pulse  for  the  generator;  - 
coefficient  of  hydraulic  resistance  on- the  generator  line. 

If  the  generator  is  fed  by  bipropellant,  then  for  calculation 
one  should  draw  on  a  fifth  equation,  and  in  expression  (10.31) 


replace  th‘e  product  of 


'  ®rr 
■= - Gh  by  term 

F kp . rr 


Px  r  = 


%r 


"  xp.rr 


(G«+c5). 


(10.32) 


When  using  monopropellant  the  consumption  of  steam  gas 


and  in  the  case  of  application  of  bipropellant 


(04+C5)  =/,«)• 


(10.33) 


(10.34) 


If  the  basic  components  are  used,  then  in  equations  (10.4)  and 
(10.16)  up  to  the  place  of  bleed  of  components  into  the  generator 
there  should  be  written  (G-^  +  G^)  and  ('G^  +  G^),  and  after  bleed  - 
G^  and  G2  respectively  (see  Pig.  8.5). 

The  equation  in  small  deviations  for  expression  (10.31)  will 
be  written  so: 


a43Ao>”}- 


A VA — aA  5A^m -f- oA  e A04  4"  a* 


AP4— a4  uA(J,4. 


(10.35) 

(10.36) 

(10.37) 
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10.3.  System  of  Calculation  Equations 

Let  us  examine  several  schemes  and  write  the  systems  of 
equations  for  them  in  small  deviations.  During  soltiiion  of  problems 
about  the  effect  of  external  factors  and  when  determining  errors  a . 
in  all  equations  one  should  take  P^  *  0. 

Engine  with  loaded  tanks  and  gas 
pressure  accumulators 

The  propellant  components  are  forced,  from  the  tanks  by  gas, 
entering  the  tanks  from  accumulators  (see  Fig.  8.1).  The  engine  is 
equipped  with  control  elements,  installed  in  hydraulic  circuits, 
therefore 


<l\  iAGj -j- AUj -f"  | 


(10.38) 


During  engine  tuning  we  assume 


.  AOj-- aG2  —  0.  (10.39) 

whereupon  we  immediately  find  AP^  and  AP2> 

Engine  with  loaded  tanks  and  liquid 
propellant  pressure  accumulators 

The  propellant  components  are  forced  from  the  tanks  by  the 
combustion  products  of  the  basic  components,  which  enter  the  tanks 
from  generators  (see  Fig.  8.2).  Control  elements  are  available  in 
all  hydraulic  circuits.  The  system  will  contain  two  equations  of 
main  hydraulic  circuits,  two  equations  of  hydraulic  circuits  of  the 
oxidizer  tank  generator  and  two  equations  of  hydraulic  circuits  of 
the  fuel  tank  generator: 
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(10.39) 


>  by  the 
-he  tanks 
Liable  in 
:ions  of 
Lts  of  the 
’cults  of 


ai  jlCj-f-a,  3aG,  1 4- <A O-i  j  AK,  -f  — r,; 

a2 1  AG(  4  a2  2  AG.  4-  a2  3  AG,  2  4  ■  ®2  4  A  G2  2  4  A  V 2  -f  A/'j  --  c3; 

fl3jA6'|  t  -f  4  aG2  1 4-  AV’j  -{-  &P3 — c3; 

a4  3 AGt  I  -| -  ^4  4 AO'j  !  -j-  A V4  4-AP4  -■('4, 

as  jAG  12  4*  fls  4  a6'2  j  -|-  aKj  +  A^*5~  c5; 

a«  3&G  1 2 4 a«.4  aG2  2  4  AK*  4*  A^*t — Ct: 


(10.40) 


where  -  inflow  of  oxidizer  into  chamber;  G 2  -  inflow  of  fuel  into 
chamber;  <?1  ^  -  inflow  of  oxidizer  into  oxidizer  tank;  ^  -  inflow 
of  fuel  into  oxidizer  tank;  G^,  2  "  inflow  of  oxidizer  into  fuel  tank; 
C2  2  -  inflow  of  fuel  into  fuel  tank. 

Engine  with  turbopump  unit 
Variant  No.  1 

The  basic  components  are  fed  to  the  chamber  by  pumps.  The 
means  of  generation  is  accomplished  from  the  third  component  in  the 
generator  with  loaded  tank.  All  three  hydraulic  circuits  are 
equipped  with  control  elements  (see  Pig.  8.3): 


ai  iAG,  — {—  2A02  *}•-  <ij  jA»  4”  Al^  j  -|- A  P  ( C\\ 

a2lAG,4a22AG24a23Aw  4  A^24“A^2™^2» 

fla  1  AG( -}- tfj 2 aGi 4* a3 3A>'> -}- (I3 4AG3  -j- A 4 A P3 = <y,  * 

a-l  4  AG3  -|”  A^4  4-A^4~C4' 


(10.41) 


During  adjustment  all  LG.  -  0;  the  fourth  equation  is  used 
for  determination  of  AP^,  the  third  -  for  determination  of  Ato  when 
AP^  =  0,  and  by  the  first  and  second  we  find  AP1  and  A?2. 

Variant  No.  2 

Unlike  the  previous  scheme  to  the  hydraulic  circuit  of  the 
generator  is  connected  a  pump  (G^  *  G^)  (see  Pig.  8.4): 
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A|  "f*  — P\\ 

flj  i  AC, + «j  jACj  4-  a2  3A“»  +  A  V2  -f  A^2= Cj; 

Aj  jACj-f  a3jAC2  !•  fl33A*'-|-fl3  4AG3-{-  AVj  —<3; 

a4  jAw  4  aGj  -f  -  Al^4  t  \Pi~Ct. 

Here  it  is  accepted  that  AP^  *  0. 

For  realization  of  adjustment  we  take 

aG,=aG2=Au>=0.  (,10.43) 

By  the  third  equation  we  find  A G^»  by  the  fourth  -  the  value  of  AP^, 
whioh  provides  the  required  value  of  A Gy  Let  us  determine  values  of 
AP^  and  APg  by  the  first  and  second  equations. 

Variant  No.  3 

The  turbine  is  fed  from  the  generator,  operating  on  basic 
components  (see  Fig.  8.5)5  the  system  of  equations  takes  the  following 
form : 

ai  iAG,-|-a,  iAG3-{-Oi3Ai,J4-aMAG4  A^i— 

aa’i  AG ,  aa  2  aG2  -f  aj  3  A'"  -f  Cj  6  AGS  +  A^a  -f  A/>2= c2; 

aa  iAG,  +  a3  2aG2  -j-  a3  3  Aw  4  aa  4AG4  -!-  a;  5aG3  -j-  A  =<*3:  (10.44) 

ai  1  AG  j  -J"  a<  3A'0 + 34  4AG4  -p  O4  saG5  -{-  A  K^-J-  A^  ==  r4; 

ai  2AG2  -j-  a$3 A®  4  as  \  AG, 4-cs  saG5  -f-  Ak’j  -f  APg=  c5. 

Adjustment  is  reduced  to  determination  of  Aoj  by  the  third 
equation  and  P„.  -  by  the  remaining  equations.  Let  us  note  that 
analogous  systems  can  be  easily  written  for  any  other  schemes. 

10.4.  Determination  of  Coefficients  of  Equations 

Let  us  determine  the  coefficients  by  equation  (10.4),  which 
we  rewrite  In  the  following  manner: 
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(10.42) 
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(10. '*2) 


h—Pu+Df*~£hrfi—D'lG't—^-(Gri-Gj~qlGi,—atfiV—c1.  ( 1G.45) 

•  KP 


When  performing  engineering,  calculations  we  take  n ^  »  n. 
us  recall  that 


2 .  Let 


(10.46) 


(10.43) 

of  AP4, 
values  of 


for  example,  coefficients 


(10.47) 


When  computing  partial  derivatives  all  the  parameters,  further¬ 
more,  with  respect  to  which  the  derivative  is  taken,  are  considered 
constant.  Derivatives  according  to  basic  parameters  will  be: 


following 


V  /* 


( 10 . 48 ) 


The  asterisk  means  that  the  numerical  values  of  quantities,  enclosed  • 
in  brackets,  are  determined  for  steady  state.  , 


(10.44) 


Thus,  the  asterisk  is  equivalent  to  the  following: 


,  etc,. 


(10.49) 


Let  us  calculate  coefficients 


fll*  (p«).  I  Ci  i-  a2 


(10.50) 


a  1 3 ( 2Dtm  -  -  D\' G  J ), . 


(10.51) 


which 


In  order  to  determine  V^,  it  is  necessary  to  use  formula 
(10.13).  For  the  considered  case  it  is  written  so: 
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b>V  a17A0|  -f- 


(10.52) 


Small  deviations  are  calculated:  by  the  results  of  tests.  For  coeffi¬ 
cients  we  find 


*1*— =  if  Pt i=const; 
op*\  •  - 


atj— ~(G?),;  alt= 
ai  io—  — 


(10.53) 


lx  it  is  necessary  to  take  into.,  account  the  deviation  of  power 
from  nominal,  then  to  the  right  side  of  expression  (10.52)  one 
should  add  I2^”l* 


ant~ ^•=[(a,+af)0tI  ,n(<5,)](.  (10.5*0 

Of  great  interest  is  the  study  of  the  effect  of  temperature 
and  deviation  of  sizes  of  various  parts  from  their  nominal  values  at 
engine  operating  conditions. 

These  problems  are  solved  with  the  attraction  of  equations 
similar  to  those  examined,  and  with  utilization  of  the  relationship 
of  density  and  viscosity  of  liquids  to  temperature. 

We  will  consider  that  constant  coefficients  of  equations  can 
be  determined  experimentally.  We  distinguish  individual  and  average- 
statistical  values  of  parameters.  Individual  is  a  value,  obtained  by 
results  of  treatment  of  the  experiment  with  one  engine  or  its  unit. 
From  the  data  of  tests  it  is  possible  to  obtain  the  individual  values 
of  the  following  parameters:  a D D^t  D D etc. 

During  firing  tests  we  determine  the  parameters,  the  values 
of  which  were  not  calculated  from  results  of  shop  tests,  for  example, 
P6  Gi  and  w. 


(10.52) 


'or  coeffi- 


(10.53) 
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The  average  values  of  any  parameter,  including  disturbance  AK.,, 
are  calculated  on  the  basis  of  mathematical  treatment  of  statistical 
data  of  results  of  shop,  bench  or  flight  tests  of  many  engines  and 
their  units.  All  objects,  the  quantity  of  which  (and,  consequently, 
the  number  of  tests)  n,  should  refer  to  one  batch,  i.e.,  be  identical 
in  construction  and*  test  conditions . 

When  conducting  engine*  tests  the  value  of  the  parameter, 
obtained  during  one  test  x. ,  is  a  random  discrete  quantity  and  to 
each  such  quantity  corresponds  probability  p .  *  — ,  where  m  -  number  of 
obtained  identical  values*  of  x. .  Always  p.  >  0,  and  Ip.  «  1;  Function 
p.  *  $(*.),.,  called  the  law  of  distribution,  is  represented  in  a  table 
or  in  the  form  of  a  graph.  The  treatment  of  a  large  number  of  engine 
tests  shows  that  the  law  of  distribution  is  close  to  standard,  which 
is  characterized  by  equation 


where  a  -  mean  square  deviation: 


J  <f(x)(lx=]. 


(10.55) 


(10.56) 

(10.57) 

(10.58) 


The  curve  of  standard  distribution  is  symmetric  relative  to  ordinate 
x  =  x  and  asymptotically  approaches  the  axis  of  abscissa  when  x  -  i00. 
When  x  =  x  the  curve  has  a  maximum;  at  point  x  =  x  ±  a  has  in¬ 
flection.  As  one  of  the  characteristic  quantities  we  take  the  value 
of  3o,  at  which  probability  p  <  0.003.  The  smaller  0  is,  the  more 
closely  arranged  the  curve  of  distribution  is  near  the  axis  of 
ordinates,  i.e.,  near  axis  ip(xj. 
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When  tuning  the  engine  to  the  required  operating  conditions  it 
is  necessary  to  determine  the  mean  arithmetic  value  of  disturbance,, 
which  we  designate  A?-.  Subscript  "S"  corresponds  to  the  number  of 

O  , 

equation  of  any  of  the  systems  from  (10.38)  to  (10.^4);. 

Let  us  examine  equation 


2  ask^xk  -f  kV 5 — 0, 


(10.59) 


Here 


where  in  accordance,  with  systems  (10. 38)— ( 10. h^4)  subscript  "fe”  -  the 
number  of  variable  parameter.  When  conducting  shop  (or  firing)  tests 
of  «  engines  we  obtain  n  values  of  The  mean  arithmetic  value? 


of  each  a 


lSk' 
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&lSk' 


(10.60) 


where  i  -  the  serial  number  of  the  engine,  which  underwent  shop  tests. 
When  conducting  firing  tests  we  measure  the  flow  rates  G.  and  the 
angular  velocity  of  rotation  of  the  turbopump  unit  shaft  and  record 
their  deviations  from  nominals  &x^.  The  mean  arithmetic  value  'of 
each  Aar^': 


(10.61) 


ad  jus 
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where  m  -  the  number  of  firing  tests;  l  -  serial  number  of  engine, 
which  underwent  firing  tests.  The  mean  arithmetic  value  of  disturbance 


(10.62) 


By  using  the  expression  for  the  mean  value  of  the  product  of 
two  random  quantities,  we  obtain 
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;  (10,63)  ’ 
'  (10.64) 


Here  r  -  coefficient  of  correlation;  a  r  mean  square  deviation.' 

■  •  )'  ' 
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Engine  adjustment 
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Now  it  is  possible  to  write  th'e  system  of  equations  for  engine 
adjustment:  ,  / 


*  ! 


<*/iA£»i  -j-fljjACj-j-  A  t  &Pi~C) 

U--~-h  2,  3,  i). 


(10.65) 
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In  equations  (10.65)' thje  value®  of  a..,  AK_,  and  5.  are  calculatedi 
from  results  of  processing  experimental  data.  For 'adjustment  of  a 
new  engine  it  is  necessary  in  the  beginning  to  assume 


A«> = 0, 


!  (10.66) 


inasmuch  as  providing  condition  (10,66)  is  the  purpose  of  adjustment. 


Thus.,  for  determination  of  AP.iwe  have 


(i—  1.  2,  3,  4). 


i  i 


(10.67) 


In  order  to  take  into  account  the  specific  features  of  the 
engine  being  tuned,  it  is  necessary  to  calculate  by  expression 
(10.62),  having  accepted  a ^  from  data  for  the  series  of  engines 
tested  earlier  and  having  substituted  values  of  Aa^,  characteristic 
for  engines  being  prepared  for  tests.  For  other  methods  of  Adjustment 
see  [17J,  [64].  !  ’ 
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Determination  of  results  of  the  effect  of 
external  factors 


Addit 


The  values  o£  small  deviations  of  basic  parameters  are! 
calculated  at  P.  «  0.  Computation  of  these  numbers  Is  called  the 
solution  of.  the  problem  about  the  effect  of  external  factors..  The 
calculation  system  has  the  .following  form':  , 


tf/iAf?  i  *f  4-  3  ~r~  (■  i  ~~  AK, 

(/=!  ,  2/3.  4).  ‘  ‘  ! 


(10.68) 


(  -  In  -many  cases  it  is  .possible  to  represent  the  system  by  three 

equations.'  This  can  be  achieved  by  solution  of' 'the  fourth' equation 
•relative  to  A and  replacement  of  A in  the  third  equation  by  the 
obtained  numerical  va’lue.  ’If  for  example  we  are  ;guided  by  equation 
(10.41),  then  the  system  takes  the  following  form:  ' 
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a«2=c2— aV2; 


(10.71) 
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'Solutipns,  !as  is  known,  have' the  following  form: 
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Additional  determinants : 


A®,  al 2  al3 

A l’j  <*,,  <ht  ; 

A®a  a„ 


au  At,  «„ 
«ji  At*,  a,, 
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at»  At*, 
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(-10.75) 

(10.76) 

(10.77) 


Solutions  (10.73)  are  not  precise.  The  coefficients  are  accepted 
as  constant,  although  in  actuality  some  of  them  depend  on  the  sought 
variables  or  vary  with  time.  Consequently,  in  actuality  research 
should  be  based  on  nonlinear  equations. 


With  transition  to  small  finite  deviations  the  nonlinear  '< 

1 

remainders  were  dropped  which  led  to  decrease  of  the  accuracy  of  4 

solution.  In  engine  equations  we  encounter  components,  containing  % 

variables  to  the  second  or  third  power  or  the  product  of  variables. 

Let  us  assume  there  will  be  assigned  function  * 

t~ax *.  (10.78)  * 

By  dropping  the  nonlinear  remainders,  we  obtain  i 

t^=2axux.  (10.79)  ^ 

By  applying  expansion  into  Taylor  series,  we  find 

A<p=2a.*fAJC4-a(AJf)31  (10.80) 

where  (Ax)  -  nonlinear  remainder.  Expression  (10,80)  can  be 
written  so: 

A? =!?/•  :ax.  (10.81) 
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By  comparing  expressions  (10.80)  and  (10.81),  we  find  that  the  correc¬ 
tion  factor 


.  i  1  Ax 
t  =  l  +  -r  rr- 
2  x 


(10.82) 


The  smaller  the  relative  value  of  small  deviation,  the  less  is  the 
error-,  which  appears  as  a  result  of  disregarding  the  nonlinear 
remainders. 

.  In  order  to  exclude  errors >  one  should  write  the  equations  of 
small  finite  deviations  so  that  components,  obtained  from  functions 
of  type  (10.78),  would  contain  factor  e.  In  the  examination  of  pro¬ 
cesses  in  the  neighborhood  one  should  be  guided  by  average-statistical 
value  (Ax)*  and  nominal  value  «*.  In  this  case  e  will  be  presented 
in  the  form  of  number  e^,  characteristic  for  the  considered  problem: 


t 


(-'*). 

"*  • 

■** 


(10.83) 


If  the  function,  containing  the  variable  to  the  third  power, 
is  assigned,  then  for  determination  of  the  correction  factor  we  will 
have  * 


h-^+4- 


(Ax)J 

*1 


(10. 84 ) 


Analysis  of  calculation  data  shows  that  consideration  of  the 
third  component  in  expression  (10.84)  rarely  leads  to  noticeable  re¬ 
finement  of  the  results  of  calculation. 


10.6.  Dynamic  Processes,  Proceeding  in  the 
Neighborhood  of  Assigned  Conditions 

After  the  engine  reaches  cruise  conditions,  as  a  result  of 
influences  on  the  part  of  regulation  or  control  systems,  and  also 
under  the  action  of  external  factors  small  changes  in  the  basic  engine 
parameters  can  be  observed. 
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The  changes  of  absolute  values  of  parameters  are  determined '-by 
using  the  equations  of  statics  given  in  this  chapter.  For  determination 
of  the  amount  of  change  of  parameters  with  time  there  are  necessary 
equations,  which  characterize  the  dynamic  processes,  proceeding  in.  the 
neighborhood  of  some  assigned  condition. 


! 


Let  us  consider  for  example  the  equation  of  the  hydraulic 
circuit  of  fuel  for  an  engine  with  gas  pressure  feed  of  components 
in  the  following  form:  • 


Kf=>6-aG*-i-(l -}-*,)  G. 


(10.85) 


Up 


In  the  neighborhood  of  static  values  a§,  Gt,  etc.,  the  devia¬ 
tions  be  equal  to 


A x=G— G,;  A a— a— a,. 


(10.86) 


From  expression  (10.86)  we  find  that  derivative 


Ai=G. 


(10.8?) 


Equation  (10.85)  in  this  case  takes  the  following  form: 


bbxMPt. + Afls)-(e.  -|-  Aa.)  (G, + \x?- 
-<*.  +  Afl)  (G.  +  ax). 


(10.88) 


where 


(10.89) 


It  is  obvious  that 


A  B 


i  •{•  *i 
ft,p 


a? + f  a*,  -  4-;(  i +*,)  aa- 
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(10.90) 


By  subtracting  from  expression  (10.88)  the  equation  of  statics 
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(10.91) 


and  disregarding  the  terras,  containing  products  of -small  deviations, 
we  obtain 


bbJc=—Aix+t&„  (10.92) 


where 

•  ,  j4=2a,G.ffl.;  (10/93) 

nV,=bpt-rG\ba-G.AB.  (10.94) 

Let  us  recall  that  in  the  accepted  meanings  disturbance  represents 

small  deviation  [see  equation  (10.13)]. 

Deviation  A?.,  disturbing  the  assigned  condition  and  leading 
to  the  onset  of  transient  process,  should  be  assigned.  In  a  more 
general  case  A?.  »  f(t) .  If  the  change  of  parameters,  which  enter 

t 

expression  (10.94),  proceeds  rather  rapidly,  then  the  process  of 
onset  of  disturbance  can  be  considered  intermittent. 

If  A?.  *  f(t) ,  then  expression  (10.92)  will  be  written  so: 

Aj^_4Ax+/W  (10.95) 

o  b 

The  solution  of  linear  equation  (io.95)  has  the  following 

form: 


AJC=exp  (  —  *)  j  4/(0 C*P  (“<)«].  (10.96) 


If  we  assume  .  *  const,  then  the  solution  will  be  written  so: 


«"J-T+c«p(— r')- 


(10.97) 
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For  determination  of  integration  constant  C  let  us  take  initial 
conditions:,  when  t  Am  «  0.  Consequently, 

(10.98) 


Finally  we  receive 

(10.99) 

Let  us  examine  expression  (10 .9*0 .  Deviation  Ape  can  appear 
as  a  result  of  errors  in  the  operation  of  a  reduction  gear.  On  the 
other  hand,  the  reduction  gear  could  be  used  for  control  of  the 
dynamic  process.  The  change  of  pressure  in  the  upper  cavity  of  the 
tank  requires  a  certain  time,  therefore 


(10.100) 


i 


1 


The  character  of  the  change  of  pressure  with  time  can  be 
determined  with  utilization  of  the  given  equation's.  If  we  consider 
that  during  the  period  of  influence  the  change  of  pressure  in  the 
tank  can  be  disregarded,  then 


■APa=0.  .  (10.101) 

Deviation  Aa  [see  equation  (10. 9*0]  appears  because  of  the 
effect  of  tolerances.  Under  plant  conditions  deviation  a  from  nominal 
is  determined  by  .hydraulic  pressure  drop  tests ;  The  coefficient  of 
hydraulic,  losses  is  also  changed  under  the  action  of  external  factors 
as  a  result  of  change  of  viscosity  v*.  This  is  observed,  for  example, 
with  the  change  in  ambient  temperature. 

The  deviation  of  hydraulic  resistance  from  its  nominal  value 
could  be  used  for  control  of  dynamic  processes.  The  movement  of 
working  organs  of  control  elements  occurs  rather  rapidly.  Th*  efore, 
being  guided  by  expression  (10.99) »  we  will  have 
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Deviation  A$  [see  equation  (10.90)]  can  be  caused  by  change  of 
pressure,  ratio  and  properties  of  propellant  components.  Deviation 
A F  is  caused  by  industrial  tolerances,  and  also  by  the  action  of 

power  loads  and  thermal  expansion,  appearing  during  the  operation  of 
engines . 


In  expression  MO. 99)  parameter  A  under  a  predetermined  in¬ 
fluence  defines  both  the  intensity  of  damping  and  the  absolute  value 
of  deviation.  ’ 

Decrease  of  A  leads  to  increase  of  deviation  A*  and  acceleration 
of  the  dynamic  process.  For  decrease  of  A*  one  should  Increase  A. 

The  mass  coefficient  b  affects  only  the  intensity  of  damping. 

For  acceleration  of  the  dynamic  process  the  quantity  of 
coefficient 


n  1/ 


1  0 


JU_ 
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(10.103) 


should  be  decreased. 


According  to  expression  (10.99)  the  greatest  value  of  deviation 


AV, 


and  the  rate  of  change  of  deviation 


(10.104) 


(10.105) 


The  greatest  rate  of  change  corresponds  to  moment  of  time  t  *  0;  in 
this  case 
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The  dynamic  processes,  which  proceed  in  the  neighborhood  of 
assigned  conditions*  for  an  engine  on  the  whole  are  characterized  by 
a  system  of  equations,  written  according  to  the  type  of  equation 
(10.92).  The  quantity  and  structure  of  equations  will  depend  on  the 
engine  configuration  and  features  of  its  operating  conditions. 


Thus,  being  guided,  for  example,  by  system  of  equations  (10.41), 
for  an  engine  with  unloaded  tanks  we  will  have 


+«1 1  A*  4-  Aft  {ty, 

4‘Af*(0» 

A.Xj=fl»  iA*i  4  A*  iA'-«2+ i*i  tMj  4  fl3  <4*4+ Af,  (0i 
AX,=  4tS44AX44*A^4(0«  „ 


(10.107) 
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For  agreement  of  coefficients  of  equations  (10.107)  with 
coefficients  of  equations  (10.41)  it  is  necessary  to  use>  ithe  following 
formulas : 


A'P/(0=aV/4-A/>,~c<. 


(10.108) 


In  the  examination  of  many  cases,  having  practical  value,,  it 
can  be  considered  that  the  acquisition  of  a  new  mode  by  the  generator 
preceeds  dynamic  processes,  proceeding  in  the  main  engine  units. 

System  of  equations  (10.107)  is  presented  in  the  form  of  two  independent 
parts.  The  fourth  equation  of  the  system  characterizes  the  change  of 
flow  rate  of  generation  means  with  time,  having  begun  under  the  effect 
of  pressure  $^(t) : 

a*4~<U«Ax4+?«(0-  ( 10 . 109 ) 
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For  determination-  of  Ax^  or  Ax^  x  we  use  the  solutions  given 
in  this  section. 

Now  Ax^  characterizes  disturbance;  the  system  of  calculation 
equations  will  be  written  so: 


iAX,+«'i  jAXj+al  iA*-f  A9t(0; 
Ax,==aiiAXi+«»iA*j+aUA*»+A?j(*); 
= <**  j  AJfj  *}■  ®»i  AJ% ®s  »AJ^i -{■  A^j  (0» 


(10.110) 


where 


(10.111) 


Equations  (10.110)  can  be  used  in  examination  of  the  following 

cases. 

1.  Disturbance,  of  the  system  is  caused  only  by  the  change  of 
operating  conditions  of  the  generator.  In  this  case 

Afi(0~Af»W==0.  (10.112) 

2.  The  system  is  disturbed  by  the  action  of  external  factors. 

Values  of  t  A %^(t)  should  be  assigned. 

3.  Transient  processes  are  caused  both  by  external  factors  and 
by  influence  on  the  part  of  the  generator.  Here  A<|>^(t)  and 

are  assigned,  and  A Q^(t)  is  determined  from  expression  (10.111). 

When  t  *  0  deviations  Ax.n  are  nonzero,  but  are  known 
according  to  results  of  processing  experimental  data  or  on  the  basis 
of  analysis  of  previous  calculations.  Values  of  Ax^0  can  be  used 
when  assigning  initial  conditions..  If  during  the  transient  process 
there  is  no  disturbance,  then  instead  of  equations  (10.110)  we  will 
have  a  linear  homogeneous  system: 
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AXj—at  iAJC|  -j-fl2  2A*2  *f*a»  lAXj; 
AAr,=iaiiAjf,faijAJf2+ai^jfj.  . 


(10.113) 


s 

i 


i 


Let  us  examine  a  case  when  all  at.--  constant  coefficients. 

tfc 

System  of  equations  (10.113)  has  particular  solutions  of  this  type: 

AJr,=Y,exp(A<) 

{/=  1.2,3),  .  (10.114) 

where  y .  -  pre-exponential  factor j  k  -  the  root  of  characteristic 
equation. 

By  substituting  in  system  (10.113)  the  values  from  solution 
(10.114),  collecting  coefficients  at  y.  and  reducing  by  exp(fct),  we 
obtain  the  following  system  of  algebraic  equations : 
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"i 
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•t 


(*m+*)  Y>  +«',  jY»=0; 

aj  1Y1 4-  («i  a + *)  Yj + ej  — 0; 


f 

J 


(10.115) 


If  system  (10.113)  contains  n  variables,  then  instead  of  system 
(10; 115)  we  will  have 


(fli  1  +*)  Y.  +«',  jYs  *f  •  • .  +eJ,Y„  -0; 

«*tf«  +  te2+*)%+...  +a;„V„=0; 


a«iY»  +<2Yd-  • . .  f  K,  +  A)y»--=0. 


(10.116) 
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To  get  the  nontrivial  solution  of  (10.114)  the  determinant  of 

f 

system  (10.115)  or  (10.116)  should  be  equal  to  zero.  The  equation 

#  ) 

obtained  in  this  case  is  called  characteristic.  With  n  variables  we 
will  have  ;i 

f 
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(10.117) 
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a»i  a»3  •  •  •  (a**^*^) 


Usually  during  solution  of  equations,  which  describe  the  dynamic 
processes  of  the  engine,  all  roots  of  characteristic  equation  prove 
to  be  various.  In  this  case  to  each  root  kg  corresponds  to  particular 
solution: 


&xis~  Y/jCxp(V)*  (10.118) 

The  total  solution  of  system  (10.113)  will  be  written  so: 

A*,  =  exp  IV).  (10.119) 

t 

where  Cg  -  constant,  determined  according  to  initial  conditions. 

By  analyzing  expression  (10.119)  according  to  values  of 
and  fe^,  it  is  sometimes  possible  to  decrease  the  number  of 
components  in  solutions. 

* 

Contemporary  computer  methods  allow  deviating  from  the  use  of 
any  kind  of  approximate  solutions  and  permit  investigating  equation 
systems  of  the  type  (10.107),  written,  where  possible,  more  accurately. 
However,  one  should  not  neglect  simplifications,  which  can  be 
accomplished  by  the  results  of  analysis  of  computer  calculation  and 
experiment,  if  the  accuracy  of  solutions  in  this  case  will  remain 
within  the  assigned  limits . 


•  12 


The  utilization  of  computers  allows  assigning  some  values  of 

a'ik  * n  form  of  functions  of  engine  parameters,  which  vary  with 
time. 
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Example. 

it  is  required  to.  determine  the  coefficients  of  the  equation 
of  the  first  hydraulic  circuit  and  to  investigate  it. 


Given. 


Values  of  parameters  at  calculated  conditions: 
flow  rate  of  oxidizer  G^  «  100  kg/s; 
flow  rate  of  fuel  G 2  *  22.8  kg/s ; 
pressure  pulse  6  =  2600  N*s/kg; 


pressure  in  the  chamber  pR  »  10  MN/m  ; 

2  *  ' 

pressure  losses  in  hydraulic  circuit  Ap-^  *  1.3  MN/m  ; 

pressure  losses  on  a  throttle,  installed  in  hydraulic  circuit, 
Apal  «  0.5  MN/m2; 

2 

-pressure  in  the  tank  ,p61  *  0.4  MN/m  ; 


pressure,  created  by  external  forces  p^  =  0; 

2 

excess  pressure,  created  by  pump  pHl  =  11 . 4  MN/m  ; 
excess  pressure,  created  by  pump  when  G-^  »  0,  pHl  Q 


12. 5^  MN/nr ; 


the  pump  characteristic  is  linear; 


rpm  -of  shaft  n  *  500. 


Preparation  of  material. 
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Equation  of  the  first  hydraulic  circuit  will  be  written  so: 


Hi  iAd|4*fli  iAbj+4|  |A/1+AV|+AP|*"0. 


For  determination  of  the  intensity  of  distrubance  we  have 


AVi»«i  v4p#i+fl|  iAOi+Qj  jAiV+ai  *Af+ai  ittoi — Ct- 


.  I- 


«■  iADf—Q,  inasmuch  as  with  linear  characteristic  2?!^  =  0.  Engine  adjust¬ 
ment  is  performed  by  the  throttle,  installed  in  hydraulic  circuit. 
Intensity  of  adjustment  APi-ai nAaii. 

Solution. 

Let  us  calculate  the  engine  coefficients. 

The  coefficient  of  hydraulic  losses  of  the  first  circuit: 


N-sV-kg?. 


The  coefficient  of  hydraulic  losses  of  adjustment  element  -  throttle 


t>PlX  0,5- 106  _  „  2.2.2 

N  s  /m  *k8  • 


The  nozzle  throat  area 


fKP  =  -i-  (G,  +  Ot)  =  0,0319  m2 . 
Pk 


The  coefficient  of  pump  characteristic.  Inasmuch  as  the 
characteristic  is  linear,  then 

N’s2/m2- 

Considering  the  linearity  of  characteristic,  we  find 
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Let  us  compute  the  coefficients  of  hydraulic  circuit  equation: 

2a,|G(  j  =-22.8-500- 

2600  o 

-O^jg-2-130.100-2.50.100. >-128906  N-s/m  *kg. 

In  the  considered  example  the  greatest  effect  on  a ^  has  the 
component,  containing  pressure  pulse; 


_ _ KrI—  N*s/m2*kg. 


hrottle 


Let  us  compute  a ^ 

a, ,  -  [2D,«  -  D'jO, j#  =  2-50, 16-500  -  22,8,  ICO  =  48720  N  •  S /m2  . 

As  one  would  expect,  the  numerical  value  of  the  first  component  is 
greater  than  the  value  of  the  second. 


Let  us  compute  the  coefficients,  entering  the  expression  for 
determination  of  the  intensity  of  disturbance. 

Taking  into  account  that  p  ..  =  0,  we  find 

0 1- 


*,s“,i  1_: 
«i  6  «! »  500^  ~=  25-10*  2' 

*  S 


ai7”-lrtC,],  =  -500.100=  -5-104  kg/s  ; 

f  G|  +  Go  1  122,8  !? 

kg/s,m ; 

<*t io=-  -g}(=— iw  kg2/s2. 


Error 


rl~  c\  +ot  0,„ 
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.where  -  error,  .which  appears  as  a  result  of  not  taking  into  account 
nonlinear  remainders  of  Taylor  series. 

For  the  considered  case; 

—  O,  <A>i)  *— «,  ( — a*,  (AC|)*— 50, I6(Aa)*— (180  +  50)  (AC,)*. 

•Error  is  determined  from  results  of  processing  experimental 

data.  During  engine  designing,  if  there  is  still  no  experimental 
data,  one  should  assume  o-^on  *  °* 

We  calculate 

AVi— Ap„+25-  10*AOi— 5*  l6*AO',-3850Ag+- 
-10*Aj,-50,I6(A»)»+230(AG,)*. 

Let  us  assume  that  deviations  of  all  parameters  are  equal  to 
of  their  calculated  values.  In  this  case  p01  «  0.01*0. 4*10  MN/m2; 
AD^ •*  0.01*50.16  N*s2/m2,  etc.  As  a  result  calculation  of  the 
training,  engine  there  is  found 


■AK»«826  N/m‘ 


If  deviations  of  parameters  of  the  second  group  are  equal  in 
percentage,  then  the  greatest  disturbance  appears  with  deviation  of 
the  coefficient  of  pump  characteristic  from  nominal.  Somewhat  less 
disturbance  appears  with  deviation  g.  Deviation  A pfil  affects  the 
engine  operating  conditions  less  intensively.  This  is  explained  by 
the  fact  that  in  engines  with  turbopump  unit  pressure  p^  is  con¬ 
siderably  less  than  excess  pressure  p  .  The  intensity  of  the  total 

«  Q  H1> 

disturbance  (1900  N/nr)  was  commensurable  with  the  amount  of  error 

o 

(1074  N/m  ).  This  -  a  partial  result,  however  it  confirms  the  need 
for  consideration  and  analysis  of  nonlinear  remainders. 

In  the  considered  example  there  were  taken  into  account  the 
deviations  of  all  parameters,  moreover  they  all  were  considered 
positive.  If  we  accept  that  AD^  <  0,  Ag  <  0  and  A^  <  0,  then  AV 
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takes  the  greatest  value,  equal  to  255,826  N/ra  .  The  error,  which 
appears  due  to  disregarding  nonlinear  terms,  will  in  this  case  be 
approximately  0.5)5. 

If  A »  0;  AD^  »  0;  A >  0;  AB  >  0  and  A^  >  0,  then  At^  » 

*  -  129,6110  N/m2. 

Thus,  in  the  considered  example  the  intensity  of  disturbance 
is  changed  over  wide  limits: 

-!29640<AV',<255826. 

For  providing  the  greatest  uniformity  of  engine  operation  thte 
manufacturing  tolerances  should  be  selected  so  that  the  value  of  AV^ 
would  be  the  smallest.  If.,  for  example,  on  the  average  for  a  series 
deviation  A is  equal  to  +0.01,  then  deviation  AD^  should  be  equal 
to  (+0.05).  In  this  case 

AVi-250 OOOAO,— 50 OOOACj  -250 000 •  0,01-50 000 •  0,06-0. 

t 

Let  us  determine  the  value  of  Aa^,  necessary  for  compensation 
of  the  effect  of  disturbance.  If  the  disturbance  is  completely 
compensated,  then 


AP|— AV,- 


or 


A«,|  = 


Let  us  assign  conditionally 

2 

AV,-2360  N/m  . 


We  find 


a  23C0  „  p  p  p 

N*s Vm  *kg  . 
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Thus,  initial  value  ■  50  N-s  /m  *kg  should  be  reduced  by 

approximately  0.5J.  It  is  easy  to  see  that  AV,  *  2360  N/m^  corre- 

,  "  .  ±  p' 

sponds  to  change  of  pressure  in  the  tank  at  2360  N/m  ,  One  should 
note  that  the  intensity  of  disturbance  of  such  order  is  characteristic 
for  well  worn  engines. 

If  the  engine  is  not  adjusted,  then,  by  knowing  the  intensity 
of  disturbance,  it  is  possible  to  determine  the  deviations  of  basic 
parameters  from  their  calculated  values.  Let  us  use  equation 

«i  iA6i+«[  »AGH-ai  >A/»+AVi«0 

and  :by  substituting  the  obtained  values  of  the  quantity,,  we  find 

— 128  905AG|-81  505Affj+48  720A/I+ 2360=0. 

The  sequence  of  figures  shows  that  with  the  presence  of 
disturbances  n  will  receive  the  greatest  change,  then  G^,  and  the 
least  -  G If  disturbance  only  affects  then 

ke/s- 

With  the  Influence  of  disturbance  only  on  fuel  flow  rate  G 2 
we  obtain 

2360 

~  kg/s  . 

81  oOo 

If  *  0,  then  the  calculation  equation  will  be  written  so: 

/ 

128  905A(/{  +81  505A</,-48720A«. 

Let  us  assume  that  the  number  of  revolutions  was  increased  by 
1%.  If  this  change  affected  only  the  oxidizer  flow  rate  (7^,  then  we 
obtain 

^“S0’01^1’89  kg/s. 
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In  case  of  the  effect  of  change  of  number  of- revolutions  only 
on  the  fuel  flow  rate  a2  we  obtain 

48720 

4«»  =  -^r^-°.0|-500=-.2.99  kg/s. 

Thus,  the  oxidizer  flow  rate  increased  by  approximately  i.9*» 
and  the  fuel  flow  rate  -  by  approximately  131.  The  consequence  of 
increase  of  number  of  revolutions  will  be  not  only  the  increase  of 
flow  rate  of  components,  but  also  the  change  of  component  rate 


Before  the  change  of  numbers  of  revolutions 

after  increase  of  the  velocity  of  rotation  of  turbopump  unit  shaft  by 


Thus,  the  value  of  component  ratio  was  decreased  by  approximately 


10*. 


When  evaluating  the  results  of  the  effect  of  external  factors-  | 

on  the  basic  engine  parameters  and  during  the  solution  of  problems  on  | 

* 

its  adjustment.  It  i3  necessary  to  be  guided  by  the  complete  closed 
systems  of  equations,  examined  in  this  section.  Therefore,  the 
numerical  values,  obtained  in  the  example,  do  not  characterize  the 
actual  operating  conditions  of  the  engine. 

The  described  procedure  allows  taking  into  account  the  scatter¬ 
ing  of  parameters,  obtained  during  repeated  engine  testing.  The 
statistical  processing  of  results  of  bench  tests  shows  that  the 

•i 

parameters  examined  above  have  distribution  very  close  to  standard. 
Research,  conducted  in  recent  years,  confirmed  that  during  the  solution  s 
of  -problems  about  the  accuracy  of  adjustment  it  is  necessary  to  con-  | 

sider  the  correlation  between  engine  parameters.  However,  the  | 

i 

s 
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discussion  of  calculation  methods  of  the  engine  with  consideration  of 
the  correlation  exceeds  the  intent  of  this  book. 


10.7. 

During  research  of  the  starting  operation  of  an  engine,  equipped 
with  a  turbopump  unit,  and  if  it  is  ^necessary  to  obtain  a  rather 
precise  character  of  change  of  parameters  with  time  one  should  use 
at  least  four  differential  equations:  two  equations  of  hydraulic 
circuits,  combustion  chamber  equation  and  turbopump  unit  equation. 

After  appropriate  conversions  it  is  possible  to  obtain  one  nonlinear 
differential  equation  of  the  fourth  order, y  But  attempts  to  find  itfe 
solution  in  analytical  form  did  not  lead  to  positive  results.  There¬ 
fore,  the  considered  system  of  differential  equations  is  usually  solved 
with  the  aid  of  analog  and  digital  computers.  However,  a  number  of 
separate  problems  can  be  solved  analytically  with  a  certain  limited 
degree  of  accuracy,  by  applying  relationships  simplified  by  appropriate 
assumptions. 

Engine  starting  operation 

During  research  of  the  starting  operation  it  is  sometimes' 
possible  to  use  equations  of  the  third  and  even  the  second  order.,  The 
order  of  the  differential  equation  becomes  one  less,  if  instead  of 
two  equations  of  hydraulic  circuits  we  use  one.  Such  a  method  of 
research  is  possible  in  three  cases.  In  the  first,  when  under  non- 
'  steady  state  conditions  the  component  ratio  is  not  changed  with  time. 

To  the  second  case  corresponds  the  calculation  of  an  engine  with 
value  of  little  varying,  with  time,  when  in  the  form  of  an  assumption 
we  take  *  const.  The  error  appearing  in  this  case  should  be 
estimated.  To  the  third  ‘case  corresponds  calculation,  being  performed 
with  a  graph  of  function  assigned  on  the  basis  of  .processing 

of  experimental  data.  Let  us  note  that  with  change  of  component 
ratio  with  time  for  refinement  of  results  one  should  consider  that  the 
specific  pressure  pulse  depends  on  i.e.,  3  =  f(k^).  The  effect  of 
pressure  on  3,  as  already  mentioned,  can  be  disregarded. 


One  of  the  Variants  of  Approximate 
Calculation  of  a  Power  Plant 
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Let  us  examine  the  equation  of  hydraulic  circuit  in  the  form 
bA  -D&+ D'^  -  />« + a£\ + = 0  (10 . 120) 


and  the  equation  of  combustion  chamber  in  the  form 

*/>*+/>«— ~r  «(1 +*,)G2=0. '  (10.121) 

r*r 

Here  8  -  the  relation,  characterizing  the  effect  of  delaying  argument. 
It  is  obvious  that  when  f  cpnst 

8-  +  ( iO .  122) 

(Oi  +  Oj)  * 

We  solve  equation-  (10. 120)  relative  to  p  ,  then  we  differentiate 
it,  considering  pR,  C’2>  u  as  variables.  With  the  aid  of  obtained 
equations  we  exclude  p„  and  p„  from  expression  (10.121).  We  obtain 
one  nonlinear  .differential  equation,  containing  G 2,  u  and  their 
derivatives;  by  dropping;  the  subscript  for  simplicity  of  writing,  we 
obtain 

ib'G  -f-  2taGG + («£>'« 

-ii-  #(1  -f  A,)lG=2tDnu-fD<t>2-fpt.  (10.123) 

In  order  to  exclude  u  and  w  from  equation  (10.123),  it  is 
still  necessary  to  draw  upon  the  differential  equation  of  turbopump 
unit.  As  a  result  of  transformations  a  rather  complex  third  order 
differential  equation  will  be  received.  In  order  not  to  raise  the 
order  of  the  equation,  it  is  possible  to  use  the  graph  of  function 
uCtJ,  which  Is  constructed  by  results  of  processing  of  experimental 
data.  With  sufficient  accuracy  for  engineering  calculations  for 
several  engines  of  separate  stages  we  take 


—  exp(  — a/)]. 


(10.12V) 


► 
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where  a  -  the  coefficient,  which  characterizes  the  intensity  of  change 
of  angular  velocity  with  time. 


Consequently, 


»~*pcxp(—ai). 


(10.125) 


During  processing  of  experimental  data,  if  it  is  possible  to 
consider  o  »  const:,  then  for  computation  of  a  we  use  the  formula, 
easily  obtained  from  expression  (10;124): 


a=~-ln  , 

k  \  “o — *<  / 


(10.126) 


where  -  the  nominal  value  of  angular  velocity  of  rotation  of  turbo¬ 
pump  unit  shaft;  -  value  of  u  at  some  moment  of  time  of  the 
starting  operation  of  the  engine; 


have 


Now  for  calculation  of  .the  engine  starting  operation  we  will 

tbij  -f  2«aGG  -f  {eD'*n,(l  —  exp(  -~a*)]  -f  b)  0  -f  aG*-f 

exp  (  —a/)]  +tfl'(^exp(-a/)-f-i-e(l-f^)jG== 
xDmoIi— exp(—  a/)]*-f  pt-\-  2iZ)t#oa[l— e.xp(— a/)]exp(— a/).  (10.127) 


If  the  entire  period  is  considered  as  consisting  of  several 
sections,  so  constant  value  Wq  corresponds  to  each  section,  then 
equation  (10.127)  is  simplified  and  takes  the  following  form: 


*bO + 2taGG  -f  (tD\  -f  6)  <5  7}i  aGs  -f-  — L.  8  (1  -f  A,)  G  = 
—Du$—D\G-\-p6. 

For  an  engine  with  loaded  tanks  we  will  have 

3 


(10.128) 


+ 2toGG  +  <>& + aG» -f 8  ( 1 A,)  G  =  P«- 

"up 


(10.129) 

If  oscillating  processes,  proceeding  in  the  period  of  engine  cruise 
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operation,  are  not  considered,  then  it  can  be  assumed  that  0  *  0, 
i.e.,,  Tg  *  0  is  accepted. 

During  solution  of  equations  we  consider  that  when  4*0  the 
following  equalities  take  place:  G  »  u  *  u0,  pK  *  0.  The  initial 
value  depends  on  the  filling  conditions  of  lines,  spinup  of  turbo¬ 
pump  unit  shaft  and  the  program  of  actuation  of  automatic  equipment 
during  starting.  The  initial  value  of  is  determined  by  spinup 
conditions  of  the  turbopump  unit  shaft.  If  with  ignition  of  pro¬ 
pellant  in  the  combustion  chamber  a  noticeable  increase  of  pressure 
occurs,*  then  instead  of  p„  ■  0  when  determining  the  initial  conditions 
there  should  be  accepted  pK  *  pKQ. 

Engine  operation  at  cruise  conditions 

Inasmuch  as  after  the  engine  starting  operation  there  can  be 
observed  small  deviations  of  parameters  from  their  mean  values,  then 
to  investigate  processes  we  use  equations  in  small  deviations : 

x—G3— Gjjj  (10.130) 

(10.131) 

where  G 2  Q  and  u)Q  -  mean  (steady)  values  of  flow  rate  and  angular 
velocity. 

By  substituting  expressions  (10.130)  and  (10.131)  into  equality 
(10.123),  we  obtain' the  equation  in  small  deviations: 


tb'x  -1-  2*n  (Gj  0 +  *) x + 1*0'  K + y) + *  4* a  (®2  o +• + 

4.  D'y + D'  K  +  y)  +  #  ( 1  +  *t)  j  (G*  o  4*  •*) = 

-2tD(<a0-\-y)y-\-D(<a0-\-y¥-rP6.  (10.132) 

Under  conditions  of  statics  of  deviation  x  *  y  =  0  and  their 
derivatives  x  *  x  *  y  -  0.  The  equation  of  statics  takes  the  following 
form : 


H0H 


(10.133) 


«G?o+[°'-o  +-7—  »(1  +*,)]GJe-Z)^+p4. 

By  subtracting  term  by  term  equation  (10.133)  from  equation 
(10.132)  and  disregarding  term  D'<0qX,  we  obtain 

*bx+2ta{Gn+x)x+\tD'(mi+y)+b\x-\-a#-\-2axGi9+ 

+  [«D'y+Z3'y]{G20+JC)+-i-e(l+*t)x= 

F* 

=2tD(»0  +  y)y+2D%y+Dy*.  (10.134) 

■By  dropping  the  products  of  small  deviations,  we  find 

*bx -f- 2ut  (Gj  0  -f- x)  x  -}-  -f-  y )  -f-  6]  x  -4*  2aG*  jx  -f- 

+  eD'(Gt0+xyy+D'G20y+-l-  6(1  +  *,)*= 

F‘t 

=2tD(a>0-'r  y)y+2D%y.  (10.135) 

If  under  cruise  conditions  u  »  const  (which  usually  takes  place),  then 

P  *  y  =  0. 


Thus,  the  calculation  equation  is  written  so: 


tbx  1-  2taxx-\-  (2eaG2  0  4- 6) x  -f 

2«G20-}— ~-8(l ’+*i)]x=0.  •  (10.136) 


Let  us  note  that  when  regulating  the  engine  operating  conditions 
with  the  aid  of  the  working  medium  generator  of  a  turbine  the  angular 
velocity  of  rotation  of  the  turbine  shaft  varies  with  time.  However, 
this  change  with  a  well  worn  engine  will  occur  so  slowly  that  when 
performing  engineering  calculations  we  take  the  averaged  value  of 
00  *  const.  With  the  presence  of  sinusoidal  oscillations  of  flow  rate 
of  propellant  components 


■v«jr0sta(rf;  (10.137) 

—  •W,cos«rf;  (10.138) 
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(-10.138) 


'  .  xx=-i-jrJ»sto(2W).  (10.139) 

t  j 

When  the  product  of  eaxx  can  be  looked  at  as  the  quantity  of  the 
second  order  of  smallness,  equation  (10.136)  is  simplified  and  takes 
the  following  form: 

«^^(2«flGao+.b'^+A)i+[2aGJO+^-9(H->l)];c==0.  (10.140) 

The  correctness  of  assumption  that  xk  approaches  zero  should  be 
checked. 

In  the  case  of  feeding  propellant  components  in  gaseous  form 

into  the  combustion  chamber,  it  is  possible  to  assume  t  =0.  In 

•  8 

this  case  9=1  and  equation  (10.136)  will  be  written  so: 

i+(2'x°’*+-£r+T)-i+2Tx'+ 

(io.ui) 

The  calculations,  performed  on  an.  MN-7  nonlinear -analog  machine, 
showed  that  the  component,  containing  xx,  can  be  disregarded,  then 
expression  (10.141)  will  take  the  following  form: 

x+(2T°”+-5T!L+t)x+ 

•  +[2d-fl»+d--t(1+*')]Jt"°-  (10.142) 

Equation  (10,136)  can  be  written  so: 

;jc+Mxx+2hx+k*x=0,  (10.143) 

where 

_ o  • 

b  '  (10.144) 

2A-=(2  f  G20+i^  +  i-); 
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(10.145) 


*J— [  2aOj  o + ~~  ®  ( 1+  *i)j 


(10.146) 


Let  us  examine  the  equation,  in  which  there  is  accepted  xx  -■  0  and- 
t.  =  ‘O'.-  With  such  assumptions  we  investigate  the  burning  of  gaseous 
propellant,  when  intensive  pressure  fluctuations  are  not  observed  in 
the  combustion  chamber.  The  obtained  equation  is  as  if  initial, 
characterizing  the  connection  of  only  basic  parameters.  It  is  written 
so: 

x+Vhx-ifk'x^O.  (10.147) 

but  now 

+*,)]'.  (10.148) 

Figure  10.1  shows  the  effect  of  the  component,  containing  product  xx, 
on  the  character  of  change  of  x('t). 


X 

so 


0 


Fig.  10.1.  For  calculation  by 
formulas  (10.143)  and  (10.147). 
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*»-**= 0.  (10.151) 

By  .using  equations  \(-1QVi45)  and  (10.148)  instead  of  condition 
(10.151),  we  find 


3  l+*i 

Fup  ti 


-Ojo==0. 


(10.152) 


This  equation  can  be  solved  relative  to  any  other  parameter,  for 
example : 


(10.153) 

(10.154) 

inasmuch 

as1 

F*v 

(10.155) 

bp—aOU. 

(10.156) 

where  Ap  -  hydraulic  losses.  With  the  presence  of  damped  oscillations 
the  solution  of  (10,147)  takes  the  following  form: 

x~  /i0  (exp  ( -  W)  J  sfn  (a>/ + ?0), 

(10.157) 

where 

-  initial  amplitude;  <)>q  -  initial  phase.  Frequency 

l 

V 

=S 

! 

a- 

*3 

(10.158) 

If  when  t  •  0  we  will  have  $  *  0  and  the  value  of  xQ  will  be  j 

known,  initial  amplitude  ! 

1 

.  * 

(10.159)  I 

.  4)  > 

i 

Factor  exp(-Jit)  characterizes  the  rate  of  damping.  If  h  ■  0, 
then  oscillations  will  be  harmonic  with  period  j 
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T=— .  (10.160) 

If  the  change  cf  flow  rate' with  time  will  be  aperiodic,  then  the 
solution  will  be  written  so: 

x=:'lyw=W~  .  do .  i6i) 

After  obtaining  the  preliminary  approximate-  solutions ,  which 
permit  evaluating  the  basic  connections  between  parameters  and  the 
relationships  between  intensities  of  various  influences,  we  change 
to  organization  of  precise  calculations,  the  procedure  of  accomplish¬ 
ing  whioh  Is  examined  in  the  following  chapter. 
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(10.160) 
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(10.161) 
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change 

icomplish-  CALCULATION  OP  AN  ENGINE  ON  ANALOG  AND  DIGITAL  COMPUTERS 

Computer  technology  is  the  basis,  which  provides  rapid  and 
high-quality  solution  of  complex  systems  of  equations,  which  describe 
the  processes  in  contemporary  [ZhRD]  (WPA)  liquid-propellant  rocket 
engines.  From  the  number  of  computers  and  methods  of  research  being 
applied  today  it  is  possible  to  separate  three  basic  groups. 

The  first  group  includes  computers,  intended  for  algebraic 
computations  (adding  machines,  tabulators,  general-purpose  and 
special  digital  computers).  They  are  sometimes  used  during  research 
and  calculation  of  liquid-propellant  rocket  engines,  for  example, 
during  solution  of  algebraic  equations. 

The  second  group  includes  mathematical  analog  devices  or  analog 
computers.  With  mathematical  simulation  on  the  basis  of  available 
solutions,  describing  the  investigated  processes,  electrical  analogs 
of  physical  processes  and  phenomena  are  created.  In  certain  cases 
electromechanical  analogs  are  created.  The  widest  distribution 
received  analog  electronic  and  electromechanical  models.  This  group 
includes  physical  simulation  computers,  for  example  hydraulic 
integrators . 

To  the  third  group  belong  digital  computers. 


1410 


The  problems  of  designing  and  preparing  new  articles  as  a 
rule  are  solved  by  the  method  of  searching  for  the  most  acceptable 
variants  from  the  many  possible  ones.  The  final  step  of  the  search 
is  the  experimental  check  of  a  limited  number  of  variants,  selected 
on  the  basis  of  analysis  of  results,  obtained  on  analog  and  digital 
computers.  Such= a  method  allows  finding  the  optimum  solution  faster 
and  more  accurately  and  is  economically  the  most  justified. 

The  intensive  development  of  technology  is  accompanied  by 
complication  of  the  systems  being  designed,  by  reduction  of  the  time 
for  development  and  introduction,  by  the  growth  of  requirements  for 
quality  and  economy.  In  connection  with  this  appeared  the  need  for 
creation  and  application  of  effective  methods  of  optimization  of  the 
stages  of  development,  preparation  and  research  of  articles,  i.e.j 
obtaining  the  best  results  ' with  minimum  investments  of  resources  and 
time  in  the  given  particular  conditions . 

Electronic  models 

The  basis  of  the  utilization  of  electronic  models  is  the' 
circumstance  that  processes  differing  in  their  physical  nature  can  be 
described  by  the  same  (formally  identical)  differential  equations. 

For  example,  a  second  order  equation  describes  the  processes,, 
proceeding  in  the  engine,  including  the  combustion  chamber,  hydraulic 
circuits  and  loaded  tanks,  at  condition  =  const.  Analogous 
equations  describe  the  processes  proceeding  in  an  electrical  oscilla¬ 
tion  circuit.  Formally,  with  respect  to  writing,  these  equations  do 
not  differ  from  one  another.  Perhaps  it  can  b.e  considered  that  the 
most  widespread-  in  the  practice  of  solution  of  engineering  problems 
is  the  electronic  type  of  models,  intended  for  investigation  of 
systems,  the  processes  in  which  are  described  by  ordinary  differential 
equations.  An  electronic  model  can  be  considered  as  an  integrator  for 
the  system  of  differential  equations,  since  voltages,  received  at 
the  output  of  appropriate  units,  to  a  certain  scale  represent  the 
solution  of  the  considered  system. 
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With  respect  to  mathematical  principle  the  electronic  models  can 
be  models,  in  which  a  solution  is  found  by  the  method  of  successive 
integration j,  when  the  simulation  circuit  is  constructed  on  integrating 
elements,  or  models,  accomplishing  solution  according  to  the  principle 
of  successive  differentiation.  The  first  models  have  a  substantial 
advantage  over  the  second  in  reference  to  decrease  of  the  influence 
of  noises,  inasmuch  as  a  circuit  with  successive  integration  operates 
as  a  smoothing  filter.  This  circumstance  is  rather  important,  since 
the  analog  devices  give  less  accuracy  in  comparison  with  digital 
computers.  If  it  is  required  to  conduct  research  with  high  accuracy, 
then  we  are  guided  by  digital  computers ,  but  before  the  beginning  of 
operation  on  such  a  computer  we  look  over  the  character  and  peculiar¬ 
ities  pf  solution  on  a  display  or  on  the  tape  of  the  oscillograph  of 
analog  device. 

The  electronic  models,  designed  to  investigate  ordinary  differen¬ 
tial  equations,  are  divided  into  the  three  following  types. 

The  first  includes  general  purpose  linear  models.  They  are  used 
during  research  of  dynamics  of  a  liquid-propellant  rocket  engine  at 
operating  conditions,  when;  processes  are  described  by  linearized 
differential  equations.  Some  difficulties  in  the  course  of  research 
of  processes  under  operating  conditions  appear  when  determining  the 
Initial  conditions,  which  can  be  obtained  by  results'  of  calculation, 
or  with  processing  of  experimental  data,  or  assigned  in  the  form  of 
external  disturbances. 

The  second  type  includes  nonlinear  electronic  models.  They  are 
applied  during  research  of  dynamics  of  an  engine  at  the  starting 
operation.  Initial  conditions  are  assigned  from  results  of  calculation 
of  processes,  pi’eceding  the  ignition  of  propellant  in  the  chamber. 


The  third  type  -  nonlinear  models  with  delay  units.  They  are  • 
designed  for  the  study  of  transient  processes  in  the  presence  of  i 
low-frequency  oscillations.  * 
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The  equations,  subject  to  solution  on  analog  devices,  undergo 
conversions,  In  the  course  of  which  they,  should  always  be  represented 
in  Cauchy  form,  i.e.,  in  normal  form. 

I.inefiu?  equations  are  written  in  the  following  form: 

!*!+«!  **1+ . +  /l(0: 

Xj— at,Xj-f  . +/*W: 

.  *  •  •'  •  *  •  4'  f  *  (0» 

where  *.  —  unknown  functions  (for  example  pH$  G.,  u>) ;  /.(£)  - 

disturbing  influence  (for  example,  V.)\  a..  .  coefficients  of  the 

system  being  integrated. 

If  the  system  is  nonlinear,  then  it  is  written  so: 


(<11.1 ) 


of  hj 
a  fo: 
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the  : 
us  e: 
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unde: 
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(-*i  t  *i> . . . » f  \  (h]» 
xt . /„(<)]; 


l^i*  •  •  • » /*(0]* 


(11.2) 


yhere  x^i  ...»  /(i)]  -  nonlinear  function  relationship. 


Const 


where 

hydr< 


Despite  the  fact  that  analog  devices  do  not  provide  as  high 
accuracy  as  digital  computers,  they  possess  a  number  of  advantages,  secti 

rfhich  include  the  following:  simplility  of  preparation  of  the  problem,  will 

convenience  of  utllizaiion  and  the  clarity  of  the  obtained  solution. 

Ouring  work  on  an  analog  device  it  is  possible,  while  not  getting  rid 

of  the  oscillograph  screen,  to  vary  the  values  of  various  coefficients 

and  to  see  now,  to  what  effect  the  change  introduced  by  the  experimenter  In  e: 

leads.  heat 

resis 
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Hydraulic  integrators 

During  the  solution  of  some  types  of  equations  the  utilization 
of  hydraulic  integrators  proves  to  be  convenient.  They  are  used  when 
a  formal  analogy  (similarity)  takes  place  between  the  differential 
equations  being  investigated  and  equations,  which  describe  the 
distribution  of  heads  during  laminar  flow  of  liquid  in  a  system  with 
hydraulic  resistance  and  with  tanks  connected  to  lines. 

Hydraulic  integrators  received  especially  wide  distribution  during 
the  solution  of  problems  of  nonstationary  thermal  conductivity.  Let 
us  examine  the  shown  analogy  between  equations  on  very  simp1  e  examples. 
The  quantity  of  water  r1,  overflowing  for  time  t  from  vessel  to  vessel 
under  laminar  conditions  through  a  pipe  with  predetermined  hydraulic 
resistance  and  difference  of  heads,  is  determined  by  formula 


P\— p»=oO.  (11.3) 

Consequently, 

Y\—~~  (11.4) 

where  6p  ■  p1  -  p2  —  head  difference;  a  -  hydraulic,  resistance,  or 
hydraulic  loss  coefficient. 

The  quantity  of  liquid,  accumulated  in  a  vessel  with  cross- 
sectional  area  F  as  a  result  of  increase  of  the  level  by  amount  hit) , 
will  be 


Y,-Fh{t)\ 


(11.5) 


In  examining  the  transient  process  of  heat  transfer  the  quantity  of 
heat  which  flows  during  time  t  through  the  medium  with  thermal 
resistance  R  at  temperature  difference  6T1 ,  will  be 


Qi 


w, 


t. 


R 


(11.6) 


coefl 


The  total  quantity  of  heat,  obtained  by  the  medium,  characterized 
by  heat  capacity  e,  as  a  result  of  increase  of  temperature  by  quantity 
6 T  will  be  equal  to; 

Qt-cbT.  (11.7) 

Thus,  the  investigated  equations  are  similar  to  equations,  which 
describe  the  motion  of  liquid  in  the  hydraulic  integrator. 

11.1. 

Let  us  first  examine  a  rather  simple  problem.  Let  us  compile 
a  diagram  of  setting  up  an  analog  device  and  calculate  the  starting 
operation  of  an  engine  under  the  condition  that  the  engine  at  transient 
conditions  provides  *  const. 

Let  us  assume  that  at  the  beginning  of  calculation  all  the 
hydraulic  lines  are  filled  with  propellant  components,  pressure  in 
the  tanks  is  constant  and  opening  of  valves  (breakthrough  of  membranes) 
occurs  instantly.  Wave  processes  and  the  effect  of  delay  on  operating 
conditions  are  not  considered. 

Let  us  consider  the  solution  of  the  problem  on  an  example.1 


Power  Plant  with  Gas  Pressure  Peed  System 
of  Propellant  Components 


Example 


Given . 


P62  a 


time, 
for  * 


giver 


For  s 
equat 


By  su 
we  ob 


k1  »  4,386 j 

»  *  2  2  2 
the  coefficient  of  hydraulic  fuel  losses  a2  -  7693  n*s  /m  *kg  ;  mass 

look 


lIn  the  compiling  of  block  diagrams  and  programming,  and  also  in 
the  solution  of  given  equations  there  took  part  colleagues  of  the 
laboratory  under  the  direction  of  G.  A.  Guberniyev. 


o  2  2 

coefficient  2>2  3  10J  n*s  /ra  *kg;  pressure  in  the  tank  with  fuel 

p 

pfi2  »  lA  Mn/m  ;  ratio 


*  81,505  Mn»s/kg*m2; 

*kp 

time  the  gas  stays  in  the  chamber  e  *  0.02  s;  research  is  performed 
for  a  case  When  -r  *  0. 

% 

Preparation  of  evolution. 

The  initial  system  of  equations  in  accordance  with  the  scheme 
given  in  Pig.  -8.1  has  the  following- form: 


—  pea — <hP\ — P*< 

«/>«  -  —Pt + ~jT~  0  +  *i>°* 


(11.8) 


For  simplicity  of  writing  let  us  designate  ■  *  and  pK  ■  y.  The 
equations  will  take  the  following  form: 


x**~-{pa-‘h*i-v); 

^Th+^(,+H 


(11.9) 


By  substituting  values  of  coefficients  a2  and  &2,  for  physical  model 
we  obtain 


t 

1 

1 

* 

J 

1 


\ 

j 

1 

! 


ia  l4-10s-7;60rt-0,001j>; 
21 ,92-  10»x. 


(11.10) 


Let  us  study  the  system  with  an  analog  device  in  order  to 
look  over  the  basic  character  of  the  solution. 

Let  us  reduce  the  system  of  equations  to  computer  form.  When 

7 

t  *  00  we  have  x  *  22.8;  y  «  10  .  The  expected  value  of  the 
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characteristic  time  of  starting  operation  t  -  0.01  s.  The  conversion 
formulas  are  written  so: 


x=a,X\  i (=a,y;  t-aj;  pt^aTPt.  (ll.il) 

t 

* 

Let  us  find  the  value  of  coefficients.  Limiting  voltage  at  the  output 
of  all  amplifiers  of  the  analog  device  Is  equal  to  100  V.  Therefore, 


x  ^  22,8 
ax>  X  >  iOO* 


0,228. 


Let  us  take 


a«~0£5. 


Taking  into  account  that  the  expected  greatest  values  of  y  are 
insufficiently  reliable,  as  applied  to  the  utilized  computer,  let  us 
take 


. n  order  to  succeed  during  the  action  of  the  analog  device  in 
attentively  looking  over  the  character  of  occurrence  of  the  process 
on  i he  screen  of  an  oscillograph,  let  us  designate  r  =  5s.  Then 


0,01 

5 


2-10-s. 


(11.12) 


Now,  by  using  conversion  formulas,  let  us  write  the  equations  of 
the  p..ysicai  m  del  so' 
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(11.13) 
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By  substituting  values  of  a  .  a,  ,  a.,  we  find 

x  y  v ' 


,X  14  10-3  -7.fi9-0.25-‘M0-3X2 

0,25 


M.OOI  -S-  10S.*2-!0“S 


1 

0,25  * 


Y  — 50-2-10-Jy  4-21 .92- 106.0.25-2. 10-*  —  i0-sx 

5 


(11.14) 


The  equations,  reduced  to  computer  form,  assume  the  following 

form: 


*=  28-7,69.10-3X2-  8f; 
f  =  -0,iy  +0.044X. 


(11.15) 


Let  us  use  nonlinear  model  MN-7  to  investigate  the  system  of 
equations,. 


To  the  input  of  the  integrator  adder  let  us  supply  direct-current 

voltage,  equal  to  28  V  (addend  of  the  right  side  of  the  first  equation). 

p 

To  variable  resistor  let  us  supply  a  signal  ( -X  )  and  install  the 
•’esjst^r  *o  l;i  at  on  ’he  voltmeter  «>f  an  amplifier  we  obtain  7.69 
with  a  signal  equal  to  1  V. 


To  the  second  variable  resistor  let  us  feed  signal  (-Y).  At 
the  integrator  output,  with  consideration  of  inversion, ,we  obtain 
solution  (-X)  Pig.  11.1. 


26  V 


c 


4,0 


-6Y  V  , 


Pig.  11. i.  Solution  of  the  first 
equation  (11.16)  at  analog  device 
MN-7  with  consideration  of  inversion. 


Let  us  direct  signal  ( -X )  tc  a  scale  converter  and  with 
consideration  of  inversion  we  obtain  solution  (+0.1X)  Pig.  11.2. 
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Fig.  11.2.  Change  of  scale  and  sign  of 
the  previous  solution  in  the  scale 
converter. . 


D 

Inasmuch  as  k-~,  to  git-  k  *  0.1  let  us  take  *  0.1  MQ  and 
Rti  pc 

R  =  1  MO.  Signal  =(+0.1*)  is  directed  to  the  product  unit  and  to 

B  X 

the  adder  of  the  second  integiator. 


Let  us  examine  the  diagram  of  the  second  integrator  (Fig.  11.3).' 
To  the  adder  is  fed  signal  (+0.1*).  By  using  a  variable  resistor, 
we  obtain  signal  +0;1**0.44  *  0.044*,  which  corresponds  to- the  augend 
of  the  right  side  of  the  second  equation.  Let  us  feed  solution  (-*) 
from  the  integrator  output  to  the  adder-integrator  input,  to  the 
variable  resistor. 


Fig.  11.3.  Solution  of  the  second 
equation  (11.15). 


Simultaneously  with  this  the  solution  in  the  form  of  (-y)  is  fed, 
as  already  mentioned,  to  the  input  of  the  first  integrator.  The  final 
form  of  the  diagram  is  shown  in  Fig.  11.4. 


Fig.  11. 4. s  The  final  form  of 
the  block  'diagram  for  solution 
of  system  (11.15)  on  MN-7 
analog  device. 


Results  of  solution  are  shown  in  Fig.  11. 5.  With  increase 
of  the  initial  value  of  flow  rate  its  "peak"  is  raised,  but  insignif¬ 
icantly.  The  time  and  character  of  the  starting  operation  are  changed 
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little.  Therefore,  it  can  be  considered  that  the  quantity  of  initial 
propellant  consumption  does  not  have,  a  fundamental  effect  on  the 
character  of  change  of  averaged  values  of  engine  parameters  with  time. 


Fig.  11.5.  Results  of  calcu¬ 
lation  of  system  of  equation 

(11.15). 

A  graph  of  the  considered  function  can  be  constructed  from  the 
results  of  calculation  on  a  digital  computer.  However,  analysis  of 
obtained  results  showed  that  there  is  no  need  to  repeat  the  solution 
for  the  purpose  of  obtaining  greater  accuracy. 

If  the  component  ratio  under  nonstationary  conditions  varies 
with  time,  then  it  is  necessary  to  use  a  minimum  of  three  equations: 
combustion  chamber  equation  and  two  hydraulic  circuit  equations. 
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Let  us  examine  the  sequence  of  compilation  of  the  block  diagram 
of  an  analog  device. 
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The  initial  system  of  equations: 


*Pk+Pk—'- —(G1+G3) -0; 


'  up 


bfit— Pti~  afii~Pui 
bjj  1 — Pt jr-  fljG* — p„. 


(11.16) 


Let  us  write  the  equations  in  a  form  convenient  for  simulation: 


-P*+ 


t/'ki 


(Ci+C2); 


/~>  J  fl|  /to  1 

0,=  -^^,-— G;-_ W 


1 


(11.17) 


We  take 


Gj— floA:  2: 

pK=aKU3-,  Pt—aJJi. 


(11.18) 


In  electrical  quantities  the  equations  will  be  written  so: 


—773+~f-«o16'1 
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.(d"3>.  19) 


Further  we  obtain 


^=-rsrU.-h^-<J’,--?rui 


Oafi 


U* 
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“T*  —  a7  U\--%-Uz: 

IIqjPJ  *  2  flo,  2 


0.-— 7-^+ 
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(11.20) 


Let  us  select  scales: 


1 


11.16) 


.tlon: 


(11.17) 


(11.18) 


(11.19) 


(11.20) 


a<7,  =-0,9;  3o,=4;  a,— 25-105. 

Having  substituted  the  scale  factors,  we  obtain  system  of  equations: 


0,  —  139d/4 — 0,12£/f — •  139t/a; 
*/,=137*/4-0,t22*4- 137  */,; 
C/3=  —  50t/a4-  15,2*/,+65 Ua. 


(11.21) 


Let  us  select  time  scale  *  0.005;  now  the  system  of  equations 
takes  the  form 


*/,  =0,695*/4  -  0,06 U\  -  0,695*/,; 

*/, »  0.68  5*/4  -  0,06*4 0,685 */,; 
*/,--  -0,25*/, +0.076*/,  +0.325*/,. 


(11.22) 


Let  us  compile  the  block  diagram  of  the  problem  (Fig.  11.6). 


Fig.  11.6.  Block  diagram  of  system 
of  equations  (11.22). 

DESIGNATION:  Bn  *  BP  =  product 
unit. 
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11.2.  Power  Plant  with  Pressure  Chambers 


Let  us  examine  the  power  plant,  to  the  hydraulic  lines  of  which 
are  connected  pressure  chambers  (Pig.  11.7).  With  the  presence  of 
pressure  chambers  the  starting  operation  is  determined  basically  by 
parameters  of  the  pressure  chamber-combustion  chamber  line,  and 
operating  conditions  depend  on  parameters  of  the  tank-combustion 
chamber  line. 


Fig.  11.7*  Schematic  diagram  of 
liquid-propellant  rocket  engine  with 
pressure  chambers  [48],  [97],  [64]: 

1  -  oxidizer  tank;  2  —  fuel  tank; 

3  -  compressed  gas  bottle;  4,5- 
*  pressure  chambers;  6  —  combustion 
chamber. 


Equations  of  pressure  chambers 


Pressure  chambers  can  be  of  two  types:  closed  and  flow-through 
or  open  (Fig.  11.8). 


where 
rate  p 

D 

Accord 

where 

W 

I 


Fig.  11.8.  Diagram  of  pressure  chambers: 
a)  closed;  b)  flow-through 


Conseq 


For  ad 
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Let  us  eaxmine  a  closed  pressure  chamber. 


I  which 


The  equation  for  determination  of  volumes  has  the  form, 


i  G’dl- 


(11.23) 


where  vQ  —  initial,  free  volume  of  the  pressure  chamber;  G.^  - 
rate  per  second  of  liquid  from  the  pressure  chamber. 


By  differentiating,  we  find 


v~J1l 


(11  .'24-) 


According  to  the  equation  of  state 


through 


y  Y(fiT 
P 


where  rQ  -  initial  quantity  of  ga3  in  the  pressure  chamber. 
We  will  consider  that  gas  constant  R  *  const. 

In  the  isothermal  process 

i >  __  (K  pRT i)p 

pi 

Consequent ly , 

«-  (YoRTo)p  . 

UP~-  p2 

For  adiabatic  process 


T p, 


(11.25) 


(11.26) 


(11.27) 


(11.28) 


'where 


(11.29) 


Consequently, 

G;=-(l.~m)}y?-5-  Q*'  (11.30) 

T  Pq  P 

For  flow-through  pressure  chamber  we  find:  in  isothermal  process 

G»“Gp^"(K#/?ro (11.31) 

where  G'  -  inflow  of  liquid  into  the  pressure  chamber  per  second; 
in  -adiabatic  process 


p 

p2-~M 


(11.32) 


Equations  of  one  hydraulic  system  of  a  .power  plant 


■  To  the  system  let  us  connect  a  tank,  pressure  chamber, 
combustion  chamber  and  manifolds  with  elements  of  hydraulic  resistances. 
With  closed  pressure  chamber  we  have 


p6~p=afi\-\-blGt\ 
Pr  — •  P  ~  &  2GJ  -f-  ^Gj; 
p-p^afil+bfir, 


G;= 


Y<tRr0 

o 

•  Pi 


p»+<*p*= 0; 

(Gi~'G'+G#). 


(11.33) 


Hero  <?6  -  flow  rate  of  liquid  from  the  tank. 
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(11.32) 


Preparation  of  block  diagram  of  an  analog  device 
during  research,  of  an  engine  with 
pressure  chambers 


Let  us  examine  the  compilation  of  the  block  diagram  of  an  analog 
device  on  an  example. 


For  investigation  let  us  take  the  following  values  of  parameters 


Daalpiatior-s 

«1 

"a 

*s 

*3 

Quantity 

0,82MOt4 

0,413.10-* 

0,413-10-4 

13,2-10-4 

0.T13.10 

Continuation 


Designations 

1  *3 

Pt 

Pt  | 

1 

8k 

Vo  • 

p* 

T 

R 

Quantity' 

18-10-4 

6 

-  6  i 

0,001 

(17,6-3)- 10* 

0-6 

293°  K 

29,26 

For  simplicity  of  adjustment  of  the  problem  on  a  model  let  us  take 
pH  *  const.  Let  us  reduce  equations  to  a  form  convenient  for 
simulation: 


fesistances . 


(11.33) 
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From  the  equation  of  state  for  pressure  chamber 

v=,lsZL 

Pv 


(11. 3*0 


(11.35) 
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it  follows  that 


P^y'fa—YJ^T =6*0, 1  •  17,6- 10*= 10,6- 1&. 


For  operation  on  an  electronic  analog  device  it  is  necessary  to 
change  from  physical  quantities  to  electrical,  i.e.,  to  express  every¬ 
thing  in  voltages. 

Let  us  designate 


G6=a'{/,;  Q'p—a\Ujt  Gt—a'tlJ '# 

p-t=a\Ut  p—a'Pt  Pt^a'Pt  p,~a'pv 

where  -  scale  factors —  voltages,  simulating  physical 

quantities. 

Equations  in  electrical  quantities  will  be  written  so: 


WL 


«2  (*4)2 


ap4- 


■um, 


10,6.10*9, 

7  -f  aS  («»)!^>  + 


(11.36) 


For  the  selection  of  numerical  values  of  scale  factors  it  is 
necessary  to  know  the  limits  of  change  of  physical  quantities.  A 
factor  is  selected  so  that  the  voltage,  simulating  a  physical  quantity 
would  not  exceed  100  V.  Usually  tentative  values  of  factors  are 
assigned,  which  after  setting  up  the  problem  on  a  model  are  modified. 
Let  us  take 


a’ =5;  aj= 10;  ^=12;  a\— 0,12;  aj=0,l; 
aj=0,l;  aj=0,l. 
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During  computation  of  coefficients  of  equations  it  is  necessary 

to  consider  that  product  units  of  type  BP-1!,  BP-7,  utilized  in  MN-7 

2 

device,  provide  0.01U  at  the  output.  Therefore,  at  the  factors 
must  be  multiplied  by  100.  After  substitution  of  numerical  values 
the  system  of  equations  takes  the  form: 


0 ,=  15,24/,—  15,24/,-31,3 U\; 
tf,=  168£/4-140d/8— 58*4; 
£/8=0,416£/|-f-0,8344/2; 

i/.=0,216t/a-h5,95t/54-^T* 


(11.37) 


By  considering  the  parameters  of  the  device,  let  us  introduce 


time  scale 


Having  accepted 


we  will  have 


(11.38) 


ar*tf,= 15,24/,-  15,247,-31,34/?; 
a?’  4/a=1684/4- 1404/, -584/?; 
4/,=0,4164/i +0,834^s; 

4>4=-  11,347,4/?; 
Ui=0,2l6a,O3+5,95Ul+Uv 


where  U.  -  computer  variable,  simulating  the  physical  quantity. 

In’ 

Finally  after  substitution  of  numerical  value  of  at  the  system 
will  be  written  so: 


4),= 0,5064/,-  0,5064/,-  1,0254/?; 


(11.39-1) 


//,=0,4i6£/,+0,834i/,; 

0^-6,377(1#'* 

Ui~MWt+5,95Ul+U1. 


The  block  diagram  is  constructed  according  to  equations,  begin¬ 
ning  with  the  first.  However,  there  is  preliminarily  explained 
whether  derivatives  U ,  and  II ^  enter  other  equations.  If  derivatives 
are  not  required,  then  the  quantities,  standing  in  the  right  side  of 
equation  (11.39-1)  and  (11.39-2),  must  be  fed  directly  to  the  input 
of  Integration  unit.  In  this  case  U 1  and  U 2>  simulating  derivatives 
of  flow  rates  and  G ,  will  be  required  to  get  derivatives  of 
total  flow  rate  G^,  which  enters  equation  (11.39-3).  It  is  necessary 
to  recall  that  the  quantities,  fed  to  the  input  of  the  operating 
amplifier,  change  their  sign  at  its  output. 

Numeration  of  the  inputs  and  operating  amplifiers  themselves  is 
performed  after  the  whole  block  diagram  of  the  system  of  equations 

*  J 

is  compiled. 

The  order  of  compilation  of  the  block  diagram' will  be  the 
following.  ! 

Block  diagrams  of  equations  (11. 39-1)'- (11. 39-4)  >  shown  respec-, 
tively  in  Pigs.  11.9-11.12  ar'e  constructed  in  series. 


(11. 39-2) 

**CI 

(11.39-3) 

(11.39-4) 

(11.39-5) 

Fig.  11.9.  Block  diagram  of 
equation  (11.39-1).  s 
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Fig.  11.10.  Block  diagram  of 
equation  (11.39-2). 


Fig.  11.11.  Block  diagram  of 
equation  (11.39-3). 


Fig.  11.12.  Block  diagram  of 
equation  (11.39-4). 


Inasmuch  as  the  product  unit  provides  only  -O.OOltf*^,  the  amount 

of  voltage  at  the  output  of  unit  BP-4  or  BP-7  proves  to  be  very  small. 

It  Is  necessary  to  feed  this  voltage  to  the  output  of  one  more  product 

p 

unit,  in  order  to  obtain  V^V jj.  During  the  solution  large  error 
appears.  Therefore;  it  is  expedient  to  divide  coefficient  0.377  into 
two  equal  parts. 

The  system  of  equations  contains  5  nonlinearities.  For  its 
realization  there,  is  required  4  integrating  amplifiers,  5  summing 
amplifiers  and  6  inverting  amplifiers,  not  considering  5  amplifiers, 
which  operate  together  with  product  units.  The  MN-7  analog  device 
contains  only  4  nonlinearities  and  12  free  amplifiers.  Thus,  to 
realize  prepared  block  diagram  cannot  be  carried  out  on  an  MN-7 
analog  device.  It  is  necessary  to  have  2  combined  MN-7  analog  devices 
either  EMU-10,  or  MN-7  and  supplemental  nonlinear  units. 


'  Further  there  is  constructed  the  block  diagram  of  equation 

(11.39-5)  or  Fig.  11.13.  In  order  to  realize  equation  (11.39-5), 

2 

it  is  necessary  to  have  V ^  and  Uy 


Fig.  11.13*  Block  diagram  of -equation 
(11.39-5). 


Quantity  is  obtained  on  a  separate  adder  during  supply  of 
i/1  and  J/2  to  the  output  in  the  ratio  shown  in  equation  (11.39-3) 
(Fig.  11.14) . 


Fig.  11.14.  Block  diagram  for 
obtaining  derivative  U  on  a 
•separate  adder. 


Now  we  should  arrange  the  block  diagrams  together  on  one  sheet 
and  connect  them.  The  total  block  diagram  is  ;shown  in  Fig.  1=1.15. 

Results  of  some,  calculations 

The  operation  of  a  feed  system  with  pressure  .chambers  is 
described  by  differential  equations ,  which  are  distinguished  from 
differential  equations;  characterizing  the  operation  of  pressurized 
feed  systems  of  liquid-propellant  rocket  engines.  Therefore,  with 
the  introduction  of  pressure  chambers  into  the  configuration  of 
a  stand  device  the  divergence  of  bench  tests  with  results  of  tests 
obtained  under  flight  conditions  should  be  expected  earlier.  However, 
as  results  of  bench  firing  tests  show,  the  introduction  of  pressure 
chambers  into  the  configuration  of  an  engine,  installed  on  a  rocket, 
in  certain  cases  can  prove  to  be  expedient. 

Let  us  examine  the  results  of  computations  of  some  variants  of 
systems  with  pressure  chambers.  Figs.  11. 16-11.22  show  the  changes  of 
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Pig.  11.15.  The  final  form  of  the  block  diagram  for  solution  of 
system  of  equations  (11.39). 

DESIGNATION:  6  =  B  =  unit. 


arbitrary  flow  rates  £?6  from  the  main  tank  and  Gp  from  the  pressure 
chamber.  For  partial  lead  operating  conditions  of  the  system 
(Fig.  11.16)  the  total  flow  rate  of  liquid  into  the  tank,  in  which 
pressure  p  prevails  and  which  simulates  the  combustion  chamber,  is 
equal  to  -fc  Gp.  The  flow  rate  of  liquid  from  the  tank,  is  smoothly 
increased  with  time  and  reaches  the  calculated  value,  equal  to 
180  kg/s.  Before  testing  we  establish  pressure  in  the  pressure  chamber, 
equal  to  the  pressure  in  the  tank.  In  the  process  of  testing  the  flow 
rate  from  the  pressure  chamber  is  at  first  increased,  then  drops  to 
zero,  which  is  explained  by  equalization  of  pressures  in  the  pressure 
•chamber  and  at  its  outlet.  The  total  flow  rate  of  liquid  G*  +  G 

op 

in  the  initial  starting  period  is  increased  so  that  it  exceeds  the 
calculated  value,  then  smoothly  approaches  nominal.  Such  a  character 
of  change  of  flow  rate  with  time  is  convenient  when  boosting  of 
starting  conditions  is  necessary. 


Fig.  11.16.  Results  of 
calculation  of  the  starting 
operation  of  an  engine  with 
pressure  chambers  at  p 

rH*HOM 


Fig.  11.17.  The  result  of 
calculation  with  increased 
pressure  in  the  combustion 
chamber  p  <  p 
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Fig.  11.18.  The  result  of 
calculation  with  reduced 
pressure  in  the  pressure 
chamber 


Fig.  11.19.  The  result  of  cal¬ 
culation  with  increased  pressure 
in  the  pressure  chamber  p  >  pfi. 


Pig.  11.20;  The  result  of  cal¬ 
culation  with  reduced  hydraulic 
resistance. « 


Pig.  11.21.  The  result  of  cal¬ 
culation  with  understated  volume 
of  pressure  chamber. 


Fig.  11.22.  Result  of  calcula¬ 
tion  with  overstated  value  of  . 
mass  coefficient. 


Let  us  assume  that  pressure  in  the  combustion  chamber  became 
higher  than  nominal,  i.e.,  p  >  p  .  The  result  of  calculation  is 

K  K  H  U Pi 

shown  in  Fig.  11. .17,  which  illustrates  the  decrease  of  flow  rate 
and  Gp  with  time. 


If  preliminary  pressurization  in  the  pressure  chamber  is  decreased 
so  that  pp  <  p6,  then  at  operating  conditions  of  the  system  the  liquid 
from  the  main  line  for  a  certain  period  of  time  will  make  up  the 
pressure  chamber  (Pig.  11.18).  In  this  case  >  0,  and  <  0.  The 
above  facilitates  providing  smoother  approach  of  the  entire  system 
+  G  to  calculated  conditions. 

6  p 

If  preliminary  pressurization  in  the  pressure  chamber  is  increased 
so  that  pp  >  pfi  (Fig.  11.19),  then  at  the  initial  starting  period  the 
feed  of  the  chamber  will  be  carried  out  only  due  to  the  pressure 
chamber,  since  <  0,  moreover  a  certain  time,  during  which  g6  <  0, 
part  of  the  liquid  will  overflow  from  the  pressure  chamber  into  a 
tank. 


The  change  of  hydraulic  resistances  in  separate  components  of 
the  system  differently  influences  the  flow  rates  of  liquid.  With 
decrease  of  hydraulic  resistances  the  flow  rates  grow,  and  the 
stability  of  the  system  drops.  Figure  11.20  shows  the  result  of 
calcuation  of  the  system  for  a  case  when  the  hydraulic  resistance  of 
the  line,  connecting  the  tank  to  the  pressure  chamber,  is  decreased 
5  times.  The  considered  case  is  characterized  ;by  the  beginning  of 
onset  of  fluctuations  of  the  liquid  flow  rate. 

With  decrease  of  the  volume  of  pressure  chamber  (Fig.  11.21) 
the  fluctuations  of  flow  rates  of  liquid  are  increased. 

With  increase  of  inertness  of  the  hydraulic  system,  achieved 
due  to  lengthening  of  lines  or  due  to  decrease  of  their  cross-sectional 
areas,  the  time  of  approach  of  the  system  to  operating  conditions 
increases  (Fig.  11.22),  and  sometimes  fluctuations  of  liquid  flow 
rate,  proceeding  from  the  pressure  chamber,  are  observed. 

11. 3*  Power  Plant  with  Afterburning 

Let  us  examine  an  engine,  in  which  the  gas,  consumed  in  the 
turbine,  is  used  in  the  main  combustion  chamber  (Fig.  11.23),  and 
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let  us  calculate  its  operation  under  initial  conditions:  components 
filled  all  the  linesr,  the  velocity  of  their  motion  is  equal  to  zero, 
but  [TNA]  (THA)  the  turbopump  unit  shaft  still  has  not  started  to 
rotate.  Such  conditions  are  far  from  actual,  but  they  allow  writing 
and  investigating  the  basic  equations  of  a  power  plant. 
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Fig.  11.23.  Calculated  diagram  of  liquid-propellant  rocket  engine 
with  afterburning:  1  -  oxidizer  tank;  2  —  fuel  tank;  3,  4  -  starting 
valves;  5  —  boost  generator  (mixer) of  oxidizer  tank;  6  -  boost  gener¬ 
ator  (mixer)  of  fuel  tank;  7  -  fuel  pump;  8  -  oxidizer  pump;  9  - 
gas  generator  of  turbopump  unit  turbine;  10  —  turbine  of  turbopump 
unit;  11  -  combustion  chamber. 

The  same  power  plant  can  be  described  by  different  systems  of 
equations,  however,  in  the  final  analysis  the  differential  equation 
of  high  order  will  always  be  the  same,.  Therefore,  one  should  select 
a  system  of  equations,  so  that  it  would  be  convenient  for  the 
construction  of  a  block  diagram  and  for  solution  on  an  analog  device. 


,  and 


Under  conditions  of  the  stated  problem  let  us  instantly  open 
starting  valves  3  and  4,  considering  the  remaining  valves  already 


I 


IV. 

generat 


open.  Let  us  distinguish  on  the  diagrjun  two  modal  points  I  and  II. 

I.  The  equation  of  material  balance  of  the  oxidizer  line: 

x,~  jr,r— jc,  ,—.r,i=Ot  (11.40) 

where  x^  »  -  the  total  flow  rate  of  oxidizer  from  tank  1; 

*lr  *  G^r  -  the  flow  rate  of  oxidizer  into  generator  9,  which  feeds 
turbine  10;  i  =  i  ~  the  flow  rate  of  oxidizer  into  pressur¬ 
ization  mixer  4  of  oxidizer  tank;  si  2  ‘  G't  2  ~  fche  flow  rate  of 
oxidizer  into  pressurization  mixer  5  of  fuel  tank. 

II.  The  equation  of  material  balance  of  fuel  line: 

X2-X2K—Xir-Xi  i-  (11.41) 

where  x2  *  G 2  -  the  total  flow  rate  of  fuel  from  tank  2;  x2h  =  g2k  - 
the  flow  rate  of  fuel  Into  combustion  chamber  11  through  the  cooling 
passage;  x2r  =  <S2f_  -  the  flow  rate  of  fuel  into  generator  9,  which 
feeds  turbine  10;  *2  1  “  C2  1  ~  the  flow  rate  of  fuel  into  Pressiir“ 

ization  mixer  5  of  the  oxidizer  tank;  ,x0  2  *  ff2  2  -  the  flow  rate  of 
fuel  into  pressurization  mixer  6  of  the  fuel  tank. 

III.  The  equation  of  pressure  balance  from  oxidizer  tank  1  to 
point  I: 

Pai-aiJCi+DjXo-Di^-x^V,,  (11.42) 

■where  p61  -  pressure  in  tank  1,  taken  equal  to  0.5;  a1  -  coefficient 
of  hydraulic  losses,  taken  equal  to  4. 9* 10“^;  £>1  -  coefficient  of 

pump  characteristic  8,  taken  equal  to  8.075;10~^;  xQ  =  n  —  number  of 

revolutions  of  turbopump  unit  shaft;  D'  -  coefficient  of  pump 

characteristic  8,  taken  equal  to  4.7  10  ^ ;  Xj  *  —  pressure  at 

point  I;  b ^  -  mass  coefficient  for  the  considei’ed  line. 
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IV.  The  equation  of  pressure  balance  from  point  I  to  turbogas 
generator  9 : 

Jf, — air)$t~xt~ bitxu,  (11.43) 

where  alr  -  coefficient  of  hydarulic  losses,  taken  equal  to  3.248*10 
xr  -  pr  —  pressure  in  turbogas  generator. 

V.  The  equation  of  pressure  balance  from  generator  9  through 
turbine  10  to  combustion ^chamber  11: 

xt — ar,T  (x3l. + x^f —xx—xK- b„  (x,r + X}r),  X 1 1  •  4  4 ) 

where  a  .  —  coefficient  of  hydraulic  losses  form  generator  9  to 
r  * T  " 

turbine  10,  taken  equal  to  7.11*10  ;  xT  *  A p^  —  pressure  drop  on 

turbine  10;  *'  *  p  —  pressure  in  combustion  chamber  11. 

VI.  The  equation  of  pressure  balance  from  point  I  to  pressur¬ 
ization  mixer  5  of  oxidizer  tank: 

(11.45) 

where  a:CMl  *  PCnl  "  pressure  in  mixer  5j  ^  ■  156. 

VII.  The  equation  of  pressure  balance  from  point  I  to  pressur¬ 
ization  mixer  6  of  fuel  tank: 


X\ — xfU — AiiXu*  (11.46) 

In  the  calculation  there  is  taken  ^  *  2500. 

VIII.  The  equation  of  pressure  balance  from  mixer  5  to  the  oxidizer 
tank: 


*cw— Com  ia(*i  i+*a  i)*— 4bi*=Acm  ie(*i  i  +isi)* 
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(11.47) 


In  the  calculation  there  is  taken  a  „  *  22.57. 

CM  Id 

IX.  The  equation  of  pressure  balance  from  mixer  6  to  the  fuel 
tank: 

(11.48) 

In  the  calculation  there  is  taken  a  -M  2g  *51. 

X.  The  equation,  of  pressure  balance  from  the  fuel  tank  to 
point  II: 

Pa — a2xi + — TJjXipfj— ( If.  49) 

In  the  calculation  there  is  taken 

a,=4.45-l(H;  />a=5,639- 10~7;  Z>;=6,85-10-*. 

XI.  The  equation  of  pressure  balance  from  point  II  to  turbogas 
generator  9 : 

*„-«*&-*«****•  (11.50) 

.  —2 

In  the  calculation  there  is  taken  a2r  -  8*10  . 

XII.  The  equation  of  pressure  balance  from  point  II  to  mixer  5: 

(11.51) 

In  the  calculation  there  is  taken  a2  ^  =  25.39. 

XIII'.  The  equation  of  pressure  balance  from  point  II  to  mixer  6: 

X|t  — ajjXaj—xcl(a-f  (II.52) 

In  the  calculation  there  is  taken  a2  2  *  33.16. 
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XIV.  The  equation  of  pressure  balance  from  point  II  to  combust'ion 
chamber  11:-  ' 


4 


Jfij— jCk — 


(11.53) 


In  the  calculation  for  the  entire  considered  line  there  is  taken 

u2k  «  2. 75* 10-3.  , 

; 

t  j 

XV.  The  equation  of  t.urbopump  unit:  1 
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where  A  and  B  are  determined  from  turbine  parameters. 


The  equations  of  mass  for  gas  capacities  without  taking  into 
account  the  delay  period  have  the  form  ■  i  . 


XVI. 


XVII. 


- - (*ir  +!-*2r  4*  ^k)  —  xtc— 
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(11.55) 


t  .  , 


Py  (Jtir+ x3r)  “  Xr~" *r*r! 


(11.56) 


XVIII. 
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|  /where  y^  —  .parameters  of  generators;  —  the  time  the  gases  stay  in 
|  the  considered  'capacity.  ,  .  • 


•  '  si* 

The  system  ofi  equations  contains  17  unknowns,  namely:  flow  rates 

*1»'  x2» ,*lr»  x2vi  x2h»  X1  !•»  X1  2*‘x2  1*  x2  2 
xcm1*  xcm2’,  XI?  xii»  xT;an<i  revolutions  *Q. 


pressures  a:  xr, 
H » 


i  i 


i  The  first  two  equations  are  checked  and- are  not  used  with  computer 

calculation,  i  Consequently,  1-7  differential  equations  remain.  The 
;  '  11 
obtained  closed  system  of  equations  is  converted  similarly  to  the 

above  "discussed,  whereupon 'the  block  diagram  is  constructed. 

,  i  •  •  J  .  1  I  -  ‘ 

I 

.  '  i  ■ 

The  examined  system  of  equations  describes  the  process  of  the  > 
engine  starting  operation  only  in  the  period  of  pressure  increase 
‘in  ;the  combustion  chamber.  To  investigate  the,  entire  starting  program 
of  the  engine  it  is  necessary  in  stages  to  introduce  into  calculation 

.  i 

and  exclude  from,  calculation ‘thei  appropriate  equations  or  groups  of, 
equations.  .In  this  case  one  should  be  guided  b^  a  starting  cyclogram, 
bdg}.nnirtg  the  calculation  with  first  command,  sent,  to  the  engine, 
and  finishing  it  after  the  starting  operation  of  .the  engine. 

i  '  ‘ 

I  X  •  I 

,  I  >  . 

"  ,  The-  cyclogram  provides  for  execution  of  the  entire  time  sequence 

»  •  '  J 

of  transmission  of  commands  in  the  starting  period).  Frequently  for  • 
clarity  we  construct  a  network  chart,  illustrating  the  formation  of 
parallel ‘following  groups  of  operations  and  the  sequence,  of  their 

i  •  '  .  1 

Execution,  inside  each  group.  The  description  of  the  method) of  ,  ' 

1  > 

development  of  optimum  starting  cyclogram  apd  the(  examination  of 

ipossible  groups  of  equations  during  calculation  of  starting  exceeds 
,  .  ;  »  ,  1 
.the  limits'  of  ,this(  monograph.  How'ev’er,  the  equations  and  described  , 

,  methods  of  their  solution  given  in  the  b'ook  are  successfully  applied 

during  re'searcH  of  the  many  sides  of  the  problem  touched  upon.  i 

?  i  * 

I  ' 

i  ,  11. 4.  Calculation  of  an  Engine  on  1 

i  'Digital  Computers  ~ 

‘i  ■  ’ 

i  ,  ,  i 

'During  the1 study  of  modern  engines  in  most  cases  high  accuracy 
of  calculation  results  is  required.  Many  equations  *  which  describe 

'  1  i 

'  i  ' 

'  ..  '  .  Ml  '  ' 
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the  dynamic  processes  of  liquid-propellant  rocket  engines,,  for  their 
solution  require  memory  units.  Therefore,,  especially  recently-,  during 
the  study  of  engine*  digital  computers,  which  pertain,  as  already 
mentioned,  to  the  mathematical  computers  of  the  third  group  began 
to  be  widely  applied.  They  are  also  convenient  in  the  respect  that 
while  rather  high-speed,  they  allow  solving  with  small  size  of  the 
system,  containing  tens  and  hundreds  of  equations ,  moreover  ordinary 
differential  equations  can  be  nonlinear. *  In  principle  on  digital 
computers  it  is  possible  :to  solve  equations  in  partial  derivatives, 
however,  it  is  possible  to.  actually  .obtain  such  a  solution  only 
when  the  order  of  equation  is  smalls 

During  research  of  engines  on  [MDS]  (MAC)  digital  computers 
it  is  possible  to  solve  a  large  group  of  various  questions,  as, 
for  example,  the  following. 

Starting  operation  ,ofr  the  engine  —  clarification  of  the 
character  of  change  of  parameters  with  time,  primarily  pressure  in 
the  chamber  and  the  component  ratio,  and  also  derivatives  G .  and 
k. ;  determination  of  the  best  operating  conditions  of  valves  and 

'is 

the  selection  of  their  operating  sequence;  determination  of  the 
effect  of  hydraulic  losses  on  pressure  fluctuation  in  the  chamber 
in  the  initial  period  of  engine  operation;  determination  of  dynamic 
loads,  affecting  the  construction  and‘ research  of  the  combustion 
process . 

Engine  operating  conditions  —  research  of  the  character  of  low- 
frequency  and  high-frequency  oscillations  and  the  effects  of  various 
influences  on  them;  search  for  means  of  decrease  of  the  amplitude- 
of  oscillations;  determination  of  the  effect  of  external  factors 
and  measures  for  weakening  their  effect;  the  establishment  of 
character  of  change  of  parameters  during  the  whole  operating  period 
of  the  engine;  selection  of  the  best  combination  of  thermodynamic, 
hydraulic  and  structural  parameters. 


^Calculation  of  an  engine  at  starting  operation  with  utilization 
of  an  electronic  digital  computer  was  performed  by  the  author  for  the 
'first  time  and  was  finished  in  1957. 

^2 


Transition  from  one  condition  to  another—  research  of  the  and 

change  of  amplitude  and  frequency  of  fluctuations  of  pressure  and  resu 

'flow  rates;  search  for  means  -of  weakening  the  amplitude  of  the 
indicated  fluctuations  with  deep  engine  throttling;  optimization 
of  the  change  of  parameters  with,  switching  of  conditions.  solu 

util 

Research  of  emergency  situations  *  determination  of  the  character  exec 

of  change  of  .parameters  of  the  power  plant  after  the  appearance  of  the 

an  emergency,,  seeking  parameters,  being  changed  the  most  rapidly  prod 

with  the  appearance  of  an  emergency,  study  of  engine  shutdown 
conditions  after  the  appearance  of  emergency  with  respect  to  a 

command  from  rapidly  changing  ''watch"  parameters.  As  watch  parameters  type 

in  many  instances  -we  take  time  derivatives  p,  G  and  and 

solu 

Tuninrj  the  engine  to  a  prescribed  mode  —  construction  of  wide 

calculation  nomograms;  evaluation  of  the  precision  of  tuning;  and 

-•selection  of  the  best  method  and  element  of  tuning;  research  on  the  In  P 

effect  of  the  quality  of  production  on  the  precision  of  engine  of  s 

operation. 

The  development  of  the  automatic  control  system  —  selection 
of  the  type  of  feedback;  comparison  of  various  schemes;  selection 
of  parameters  of  the  feedback  elements ;  providing  the  required  and  1 

character  of  change  of  engine  thrust  with  time;  elimination  of  with 

pressure  fluctuation  in  the  chamber  with  the  aid  of  a  system  with  of  e 

feedback.  advai 

calc: 

The  shutdown  mode  —  research  on  the  effect  of  afterburning  of 
propellant  in  the  chamber;  selection  of  the  sequence  of  actuation 
of  elements  of  the  automatic  equipment  during  engine  shutdown,  etc.  ordej 

The  processing  of  experimental  data  -  statistical  and  correlation 
processing  of  results  of  cold  ar.ct  hot  bench  tests,  flying  tests; 
comparison  of  results  of  bench  tests,  conducted  at  various  enterprises  and  : 

*U!3 
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and  at  a  different  time;  comparison  of  data  of  bench  tests  with 
results  of  engine  operation  in  flight. 

It  is  completely  natural  that  besides  the  enumerated,  the 
solution  of  also  many  other  problems  is  possible.  Without  the  wide 
utilization-  of  analog  and!  digital  computers  at.  .present  the  qualitative 
execution  of  scientific  research  works,  designing,,  development  of 
the  engine  in  the  designer  office  and  the  debugging  of  engine 
production-  at  plants  are  impossible. 

Approximate  methods  -of  solution  are  selected  depending  on  the 
type  of  differential  equations.,  the  features  of  boundary  conditions 
and  requirements  with  respect  to  precision  and  time,  being  spent  on 
solution  of  the  problem.  The  Runge-Kutta  method  received  rather 
wide  utilization  during  solution  of  ordinary  differential  equations 
and  the  method^  of  finite  differences  during  solution  of  equations 
in  partial  derivatives.  The  -application  of  other  approximate  methods 
of  solution  is  possible  [28]. 


Runge-Kutta  Method 

The  Runge-Kutta  method  ail  s  calculating  with  high  accuracy 
and  despite  the  rather  high  labor  input  it  finds  wide  utilization 
with  the  numerical  solution  of  differential  equations  with  the  aid 
of  electronic  digital  computers.  One  should  note  that  one  of  the 
advantages  of  this  method  is  also  the  possibility  of  performing 
calculation  with  variable  integration  step. 

Let  us  assume  there  is  given  differential  equation  of  first 

order 


0 


(11.59) 


and  initial  condition 


t 


I 


(11.60) 


,  .  . 


There  is  selected  step  h.  Let  us  introduce  designations 


*!-*(</) 

(i  “0»1 .2,...)* 

Into  calculation  are  introduced  numbers: 


(11.61) 

(11.62) 


*;=*/[(•', +-r)-  ('<+t)1- 


(11.63) 

(11.64) 

(11.65) 

(11.66) 


The  successive  values  x i  of  sought  function  x  are  determined 


from  formula 


+AX|, 


(11.67) 


moreover 


A^=TW+2*'+2A'+*i) 
(1=0, 1,«2,...). 


(11.68) 


It  is  proved  that  the  error  of  the  method  on  every  step  is 

proportional  to  h  .  Therefore,  with  decrease  of  the  step  the  error 

decreases  very  rapidly.  For  example,  during  the  solution  of  equations, 

containing  the  derivative  from  the  delay  period  of  combustion  x  , 

s 

the  successful  result  of  computation  can  be  obtained  only  with  a  very 
small  step.  Effective  evaluation  of  error  of  the  method  is  difficult, 
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(11.61) 


(11.62) 


(11.63) 


(11.64) 


therefore  for  checking  the  correctness  of  selection  of  the  step  from 
current  probable  value  x(t^),  which  should  be  known,  we  subtract 
x(t.  +  2h) ,  having  accepted  in  the.  beginning  step  ht  and  then  step 
3  *  2 h.  The  divergence  of  obtained  values  should  not  exceed  the 
permissible  error. 

Let  us  examine  one  hydraulic  line  of  an  engine  with  pressure 
chambers  (see  Pig.  11.7) • 

For  utilization  of  the  Runge-Kutta  method  the  equations  should 

be  solved  relative  to  derivatives.  After  conversions  of  equations 

(11.33),  where  for  convenience  of  writing  there  is  designated 

n  *  g,  and  G  =  G0,  we  arrive  at  the  system  of  equations  in  the  form 
6  1  p  2’ 


(11.65) 


(11.66) 


mined 


(11.67) 


l<*2  +  h)P6~ hpK ~ hp> ~ 

G\  —  (<*3  ^2  —  —  2*23^2^1^2]  l 


(J2  *=  -T—T-  Ipv  -  (fl2  +  «3> Gl  —  Pk  —  <h  G\ — 2<hGiG2  -  A3Gi]; 
02~r 


Pf  QmirRrh  °2Pr 


(11.69) 


(11.70), 


(11.71) 


Initial  conditions : 


(11.68) 


G,(0)-0;  G,(0)-0;  p«(0)-6;  p,( 0)-6. 

By  substituting  numerical  values  of  coefficients  in  equations  (11.69), 
(11.70)  and  (11.71),  we  obtain 


le  error 
'  equations, 

,n  V 

^th  a  very 
difficult, 


G,  =  mpt  -/27,4ft  -  692  pp  -  0.0S09G2,  +  0,00172G§  -  0,002260,  G2; 


d3  ==  534/>p  —  0,02430^  —  534pK  —  0. 02220,  -  0,044 0,02  -  0 ,9630,; 


pf  =  94-  10-5GppJ. 


(11.72) 


(11.73) 


(11.74) 


Let  us.  select  step  h  =  6.1.  For  each  of  the  equations  let  us 
construct  a  calculation  table.  First  the  first  column  is  filled  up 
r(see  Table  11.1)  for  i  -  0.  For,  filling  the  second  columns  there 
are.  used  equations 


(11.75) 


(11.76) 


The  quantities  of  the  fourth  column  are  similarly  found.  After 
filling  Table  ll.i  the  value  of  16^  is  calculated. 

The.  values  of  obtained  in  Table  11.1,  are  used  when,  filling 
Table  11.2,  which  is  finished  by.  determination  of  increment  A In 
Table  11.3  by  calculation  Ap^  is  determined. 

With  the  obtained  values  in  the  same  sequence  we  proceed  to 
calcuation  of  the  next  step  interval  to  the  finite  time  interval  of 
interest  to  us.  Calculation  should5 be  finished  when  the  system 
approached  conditions  of  the  same  type,  characterized  by  G  .  =  const 
or  by  oscillations  steady  in  amplitude.  With  unusual  cases  the 
calculation  is  completed  by  the  obtaining  of  a  characteristic  change 
of  parameters,  for  example,  by  sharp  increase  or  decrease  of 
pressure  in  the  combustion  chamber. 
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Table  ll.l.  | 


Ko 

in 

,  '  Tine! 

-tarsEeter* 

• 

(o=0 

<o+y=0.05 

/-iy=0.05 

<0+*=0.1 

i 

P6 

6 

6 

6 

6 

2 

719  P6 

4310 

4310 

4310 

4310 

3 

P < 

1 

1 

1 

1 

4 

27.4  >< 

27,4 

27,4 

27.4 

27,4 

5 

Pt 

6 

6 

5,789 

5,672 

6 

!  692  pp 

:  4150 

4150 

4010 

3930 

7 

(2)+(4)+(6) 

=132,6 

132,0 

272,6 

.  352,6 

8  ■ 

Oi 

0 

6,63 

7,785 

28,58 

9 

0*. 

0 

44 

60,5 

820 

10 

0,0609  Gj 

0 

2,68 

3,68 

49,8 

11 

Gj 

0 

126,9 

104,3 

197,886 

12 

G\ 

0 

0,161.105 

0,109-105 

0,392-105 

13 

0,00172 G| 

0 

27,7 

18,7 

67,5 

14 

G,.0, 

'  0 

840 

814 

5660 

15 

0,00226  0,.02 

0 

1,9 

1,84 

12,8 

16 

—r(l0)+(13) 

0 

25,02- 

15,02 

17,7 

17 

(15)— (16) 

0 

-23,12 

—13,18 

-4.9 

18 

G. 

132,6 

155.72 

285.78 

357.5 

19 

20 

21 

22 

*?  i~*Gl(0) 

*t  G|(0>o5) 

*1 3~fc  G|,o,o-,| 
^1(0,1) 

-13,26 

15;57 

28,58 

35,75 

5G,  =  -y  (13,26  +  2 •  15,57  +  2-28,58  +  35.75)  •=  22.9 


The  described  sequence  comprises  a  program  for  a  digital 
computer.  The  type  of  machine  should  be  selected  with  consideration 
of  the  complexity  of  the  problem  so  that  the  operation  of  digital 
computer  in  the  course  of  solution  would  be  profitable. 


For  checking  the  computer  calculation  it  is  expedient  to 
calculate  for  the  first  step  interval  manually. 

One  of  the  complex  processes,  investigated  with  the  aid  of  an 
[EVM]  (3Bf'l)  electronic  computer,  is,  as  already  mentioned,  the  starting 
process.  For  determination  of  the  character  of  change  of  parameters, 
selection  of  starting  cyclograms,  research  of  the  effect  of  various 
factors  on  the  engine  characteristics  there  is  constructed  a 
mathematical  model  of  the  engine  starting. 


M8 


i 


The  system  of  starting  equations  besides  differential  equations 
can:  also  include  algebraic  and  transcendental  equations.  Known 
approximate  methods  (Runge-Kutta,  Adams  and  others)  have  been 
developed  for  the  solution  of  systems  of  only  differential  equations, 
however  it  proves  to  be  possible  to  use  this  mathematical  instrument 
for  the  solution  of  the  system  of  starting,  equations. 

Let  us  examine  the  utilization  of  Runge-Kutta  method  during 
calculation  of  starting.1  In  the  process  of  solution  the  system  is 
expanded  into  a  series  of  subsystems,  which  are  solved  with  the  aid 
of  matrix  calculation.  If  the  quantity  of  equations  in  the  subsystem 
is  not  more  than  three,  it  is  expedient  in  this  instance  to  use  the 
method  of  substitutions.  The  quantity  of  equations  in  the-  system 
being  solved  is  changed,  which  leads  to  a  change  of  matrices.  In  this 
case  it  is  necessary  to  see  the  the  components  of  the  right  side  of 
the  system  of  equations 


?=f(*n 


(11.77.) 


where 


iKl 

\y* 


Y> 


is  the  system  of  functions 


were  arranged  in  such  a  way  that  the  rank  of  the  matrix  of  each 
subsystem  would  equal  the  rank  of  "expanded"  matrix  of  this  subsystem, 
moreover  the  rank  of  the  matrix  should  not  be  equal  to  zero. 


The  system  of  equations  of  engine  starting  can  include  equations 
with  delayed  argument  t  (for  example,  equation  of  combustion  chamber). 
In  this  instance  it  is  expedient  to  construct  two  parallel  programs 
of  integration  (one  for  integration  at  moment  of  time  t,  the  other  — 
at  moment  of  time  t  -  x)  or  temporarily  introduce  the  appropriate 

‘Developed  by  V.  V.  Merslikin  cand.  tech,  sciences. 


values  of  the  parameter  being  integrated  into  the  memory  unit  of 
the  computer. 

Most  parameters  have  initial  values,  equal  to  zero.  In  the 
process  of  solution  this  sometimes  leads  to  division  by  zero  and, 
consequently,,  to  cut-off  of -electronic  computer.  Therefore,  it  is 
necessary,  to  assign  initial  values  of  these  parameters  within  not 
more  than  1 %  of  their  nominal  value.  The  obtained  error  remains 
within  permissible  limits. 

The  results  of  solution  of  the  system  of  equations  by  the 

numerical  method  are  noticeably,  affected  by  the  amount  of  integration 

step  h.  Experience  shows  that  the  error  of  solution  and  the 

-2 

expenditures  of  computer  time  remain  acceptable  at  h  -  10  -10  s. 

For- decrease  of  expenditures  of  computer  time  it  is  expedient 

-2 

to  make  the  integration  step  variable,  namely:  h  -  10  s  -  with 
integration  of  equations  of  filling  of  hydraulic  lines  and 
h  =  10  s  —  with  connection  of  equations  to  the  subsystem  being 
solved,  which  describe  the  operation  of  the  combustion  chamber,  gas 
generator,  turbopump  unit  and  regulating  devices. 

During  programming  it  is  expedient  to  convert  the  system  of 
equations  and  its  subsystem  in  such  a  way  that  in  the  right  sides  of 
differential  equations  there  would  not  be  variables,  being  determined 
from  algebraic  or  transcendental  equations.  If  similar  transformation 
is  not  possible,  then  it  is  expedient  to  proceed  in  the  following 
manner. 

Let  us  assume  the  system  of  functions  1  of  equations  (11.77) 
contains  a  system  of  fe  algebraic  and  transcendental  equations,  where 
k  —  whole  numbers,  moreover 

1  <*<«• 

If  with  the  combined  solution  of  the  system  of  differential,  algegraic. 
and  transcendental  equations  first  we  solve  the  differential  equations 
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where  fe^,  fe^,  fe^,  fejj  -  the  system  of  numbers,  determined  by  formulas 

(11.63)-(11.*66). 


I  ! 
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The  provided  method  of  solution  on  an  electronic  computer  of  a 
system  of  differential,  algebraic  and  transcendental  equations  ' 
makes  it  possible  to  obtain  satisfactory  results. 


a 


and  after  each  i-th  integration  step  we  determine  the  values  of 

7|,  then  as  a  result  of  delay  in  the  computation  of  values  of  7£.  the  1 

error  in  the  process  of  solution  will  always  be  accumulated,'  which 

can  lead  to  inadmissible  errors  even  with  small  integration  step  or 

!  1 

to  divergent  solutions.  For  decrease  of  tjiis  .error  it  is  necessary 
to  construct  the  program  of  solution  in -such  a  way  that  values  of 
¥£  would  be  found  not  after  each*  step  of  integration  of  the  system  of 
differential  equations,,  but  in  the  process  if  determination  of  )•  ■ 
quantity  Y^,  where  , 

*  1 

.  <n-78> 

'  4 

*  J>  •  * 

is  the  system  of  differential  equations.  This  means,  that  quantity 


% 


f  a  l 


ib~3  s. 

1 

0 

yf  should  be  calculated  after  each  value  of  7^  • 

it  *  Wi  J 

the  i-th  integration  step: 

U  k  1>  2,  3,  4)  on. 

1  •  , 

with 

y^FL+j-*',; 

1  ’ (11.79) 

% 

being 

er,  gas 

y^y*. l+Y% 

i 

(11 .8(1) 

1 

j 

■*—.  i 

m  of 

Ym,S  —  y'm.t  J- 

,  (  (11.81) 

w 

?ides  of 

etermined 

*  : 

(11.82) 
j  * 

‘152 


I 


1  i  I 


,  i 


••  I*. 


)  ( 


BIBLIOGRAPHY 


1.'  Abramovich  G.  N.,  Prikladnaya  gaz'ovaya1  dinamika,-  (Applied,, 
gas  dynamics),  Gostekhizdat,  1953. 


*  ■  I  ! 

2.  Alemasov  V.  Ye.,  Teoriva  raketnykh  dvigateley,  ’(Theory 
1  of  rocket  engines'),  Izd-vo  "Mashinostroyeniye ,"  1969. 


3.  Andreyev  K.:  K. ,  Termicheskoye  razlozheniye  i  gqreniye  • 
vzryvchatykh  Veshchestv,  (Thermal''  decomposition  and  combustion  of 
explosives),  Gosenergoizdat,  1957.  , 


4.  Barrer  M. ,  and  others,  Raketnyp  dvigateli,  (Rocket  engines),- 
Oborongijz,-  1962.  ‘  ’  '  . 


5.  Barrer  M. ,  and  others,  Bvizheniye  raket,  (Motion  of  rockets), 
IL,  1959.  *  .  '  !  ' 


6.  Berzheron  L. ,  Ot  gidravlicheokogo  udara  v 'trubakh ’do  '  ‘ 
razryada  v  elektricheskoy  seti,,(From  hydraulic  shock  in  pipes  to 
discharge  in  the  electrical'  network),  Gostekhizdat,  1962. 


,  7.  Be'ssdrer  K.  U. ,  Inzhenernyy  spravochnik  po  upravlya'yemym 
snaryadam,  (Engineering  handbook  on  guided  missiles),  Voyenizdat, 
’1962.  '  '  ' 


8.  Bogoyavlenskaya  M.  L. ,  Koval'skiy  A.  A.,  "Fizicheskaya 
khimiya,"  1946,  No.  20.  ,  : 


<  ; 

'‘9.  BodnerB.'A.,  Avtomatika  aviatsionnykh  dvigateley,  (Automatic 
equipment  of  aircraft  engines),  Oliorongiz*,  1956.’  ! 


•’  10.  'Bolgarskiy  A.  V.,  Shchukin  V.  K.}  Rabochiye  protsessy  v 
zhidkostnoreaktivnykh.  dvlgatelyakh,  (Operating  processes  in  liquid- 
propellant  rocket  engines),  Oborongiz,  1953* 


I  ! 


453 


11. 

upravle 

"Nauka, 


12. 
reakti; 
(Aerodj 
of’ desJ 


i3. 

1954. 


14  i 


isteche 


of  comt 


■15. 

Zhidkos 

calculj 


K 

probab. 


1‘ 

( Fundai 
engine; 


li 

slmpoz. 
voln, 
sympos; 
waves ) 


1! 

razov. 


2i 

v  trub. 
vysokii 
change 
temper; 


* 

( Liqui, 
19  iC. 


I 


« 


,ied 

< 

of 

lglnes) , 
cckets) , 

c 

to 

<mym 

at, 

;a 

lUtoraatlc 

v 

quld- 


11.  Boltyanskiy  V.  G.,  Matematicheskiye  metody  optimal'nogo 
upravleniya,  (Mathematical  methods  of  optimum  control),  Izd-vo 
"Nauka,"  1966. 

12.  Bonn!  Ye.  A.,  and  others,  Aerodinamicheskiye.  teorii 
reaktivnykh  dvlgateley.  Konstruktsiya  i  praktika  proyektirovariiya, 
(Aerodynamic  theories  of  Jet  engines.  Construction  and  the  practice 
of  designing),  Yoyenizdat,  1959* 

13.  Bulgakov  B.  V.,  Kolebaniya,  (Oscillations),  Gostekhizdat, 
1954. 

14.  Vanichev  A.  P.,  Termodinamicheskiy  raschet  goreniya  i 
istecheniya  v  oblasti  vysokikj  temperatur,  (Theimiodynainic  calculation 
of  combustion  and  effusion  in  the  high-temperature  region),  BNT,  1947. 

15.  Vasil'yev  A.  P.,  and  others,  Osnovy  teorii  i  rascheta 
zhidkostnykh  raketnykh  dvigateley,  (Fundamentals  of  theory  and 
calculation  of  liquid-propellant  rocket  engines),  Izd-vo  "Vysshaya 
shkola,"  1967. 

16.  Venttsel*  Ye.  S.,  Teoriya  veroyatnostey ,  (The  theory  of 
probabilities),  Izd-vo  "Nauka,”  1964. 

17.  Volkov  Ye.  B.  and  others,  Osnovy  teorii  i  pascheta  ZhRD, 
(Fundamentals  of  theory  and  calculation  of  liquid-propellant  rocket 
engines),  Voenizdat,  1970. 

18.  Voprosy  goreniya  i  detonatsionnykh  voln.  Chetvertyy 
simpozium  (mezhdunarodnyy )  po  voprosam  goreniya  1  detonatsionnykh 
voln,  (Questions  of  combustion  and  detonation  waves.  The  fourth 
symposium  (international)  on  questions  of  combustion  and  detonation 
waves),  Oborongiz,  1958. 

19.  Vukalovich  M.  P.  and  others-,  Termodinamicheskiy e  svoystva 
razov,  (Thermodynamic  properties  of  gases),  Mashgiz,  1952. 

20.  Galitseyskiy  B.  M.  and  others,  Nestatsion'ax’nyy  teploobmen 
v  trube  lri  izmenenii  teplovogo  potoka  1  raskhoda  gaza,  "Teplofizika 
vysokikh  temperatur,"  (Nonstationary  heat  exchange  in  a  pipe  with 
change  of  heat  flow  and  gas  flow  rate,  "Thermophysics  of  high 
temperatures.")  AN  SSSR,  1968. 

21.  Glushko  V.  P.,  Zhidkoye  toplivo  dlya  reaktivnykh  dvlgateley-, 
(Liquid  propellant  for  reaction  engines),  ch.  I,  WIA  im.  Zhukovskogo, 
1936. 


22.  Glushko  V.  P.,  Langemak  G.  E. ,  Rakety,  ikh  uotroystva  i 
primeniye,  (Rockets,  their  equipment  and  application),  ONTI,  1935. 

23.  Godnev  I.  I.,  Vychisleniye  termodknamieheskikh  funktsiy 
po  molekulyarnym,  dannym,  (  Computation  of  thermodynamic  functions 
according  to  molecular  data),  Gos.t^Lnizdat ,  1956. 


24.  Goreniye  dvuknfazovykh  slstem;  collection  of  articles, 
Izd-vo  AN  SSSR,  1953. 


25.  Gurvich  A.  M..,  Shaulov  Yu.  Kh.,  Termodinamicheskiye 
lssledovariiya  metodom  vzryva  i  rascheta  protsessov  goreniya, 
(Thermodynamic’  research  by  the  explosive  method  and  calculation  of 
combustion  -  processes),  Izd-vo  MGU.,  1955- 

26.  Gukhman  A.-  A.,  Il'yukhin  A.  V. ,.  Osnovy  ucheniya  o 
teldoobniene  pri  techenii  gaza  s  bol'snoy  skorost’yu,  (Fundamentals 

of  the  sutdy  of  heat  exchange  during  gas  flow  at  high  speed),  Mashgiz, 
1951. 

27.  Deych  M.  Ye.,  Tekhnicheskaya  gazodinamika,  (Technical  gas 
dynamics  )’*  Gosenergoizdat,  1961. 

28.  Demidovich  B.  P.  and  others,  Chislennye  metody  analiza, 
(Numerical  methods  of  analysis),  Fizmatgiz,  1962. 


29.  Dushkin  L.  S.,  Osnovnye  polozheniya  obshchey  teorii 
reaktivnogo  dvi  zheniya,  (Fundamental  ideal  of  general  theory  of 
reaction  propulsion),  collection  "Reaktivnoye  dvizheniye,"  vyp.  1, 
ONTI,  1936. 

30.  Zhidkiye  i  tverdye  raketnye  topliva,  collection  of  trans¬ 
lators,  IL,  1959. 

31.  Zhukovskiy  N..  Ye.,  Izbrannye  sochineniya,  (Selected 
compositions),  OGIZ,  1948. 

32.  Zel'dovich  Ya.  B.,  Polyarnyy  A.  I.,  Raschety  teplovykh 
protsessov  pri  vysokoy  temperature,  (Calculations'  of  thermal 
processes  at  high  temperature),  BNT,  1947. 

33-  Zenger  Ye.,  Tekhnika  raketnogo  poleta,  (Rocket  flight 
technology),  Oborongiz,  1947. 

34.  Zukrou  M.  J.,  Raketnye  dvigateli,  (Rocket  engines), 
Fizmatgiz,  i960. 

35.  Kalinin  E.  K. ,  Izv.  AN  BSSR,  Ser.  Fiz.-tekhn.  nauk,  1966, 
No.  4,  1967,  No.  2. 

36.  Kamzolov  V.  N. ,  Pirumov  U.  G.,  Raschet  neravnovesnykh 
techeniy  v  soplakh.  Mekhanika  zhidkosti  i  gaza,  (Calculation  of 
nonequilibrium  flows  in  nozzles.  liiquid  and  gas  mechanics),  izd-vo 
"Nauka,"  1966. 

37.  Kvasnikov  A.  V.,  Teorlya  zhidkostnykh  raketnykh  dvlgateley, 
(Theory  of  liquid-propellant  rocket  engines),  ch.  I,  Sudpromgiz, 

1959. 


455 


dviga 

plant; 


niye  1 
teplc 
field; 
mekhai 


reshei 

integ: 

therm, 

analoi 


1964, 

1 

4 

(Kinet 

4 

khimiy 

/< 

(The  c 
4 

in  the 
4 

(The or 
■  4 

v  zhid 
instab 

4 

Trudy 

sistem 

regula 

applic 

1958. 

5 

Gidrom 

5 

(Theor 


jcles , 


ye 

J 

tion  of 


mentals 
) Mashgiz, 


(leal  gas 


[aliza, 


38.  Kvasnikov  A.  V. ,  Rabochiye  protsessy  v  teplovykh 
dvigatel’nykh  ustanovkakh,  (Operating  processes  in.  thermal  power 
plant),  Oborongiz,  i960. 

39.  Kirillov.  V.  I.,  Litvinov  M.  M.,  Eiektricheskoye  modelirova- 
niye  ne3tatsionarnykh  temperaturnykh  poiey  s  uchetom  luehistego 
teploobmeha,  (Electrical  simulation  of  nonstationary  temperature 
fields  with5  consideration  of  radiant  heat  exchange),  "Prikladnaya 
mekhanika,"  1965,  No.  6. 

40.  Kirillov.  V..  I.  and  others,  Elektrointegrator  dlya 
resheniya  zadach  nestatsioriarnoy  teploprovodhosti  ETIA-4.  (Electrical 
integrator  ETIA-4  for  the  solution  of  problems  of  nonstationary 
thermal  conductivity).  Trudy  11-y  Vsesoyuznoy  konferentsii  po 
analogovym  sredstvam  i  metodam  pechenlya  zadach,  M.,  1965. 

41.  Karlson,  Khogland,  ’’Raketnaya  tekhnika  i  kosmonavtika," 
1964,  No.  11. 


•ii 

jry  of 
vyp.  1, 


b'f  trans-  • 


ed 


.ovykh 

il 


JLght 

:s), 

iuk,  1966, 


;nykh 
.on  of 
l ,  izd-vo 


Kvigateley , 
binglz. 


42.  Kokochashvili  V.  I.,  "Fizicheskaya  khimlya,”  1951>  No.  25. 

43-  Kondrat'yev  V.  N.,  Kinetika  khimicheskikh  gazovykh  reaktsiy, 
(Kinetics  of  chemical  gas  reactions),  Izd-vo  AN  SS3R,  1958. 

44.  Kondrat'yeva  Ye.  I.',  Kondrat'yev  v.  N. ,  "Fizicheskaya 
khimiya,"  1940-,  No.  14. 

4-5?  Kondratyuk  Yu.  V.,  Zavoyevaniye  mezhplanetnykh  prostranstv, 
(The  conquest  of  interplanetary  space),  Oborongiz,  1947. 

46.  Korolev  S.  P. ,  Raketnyy  polet  v  stratosfere,  (Rocket  flight 
in  the  stratosphere),  Voyenizdat,  193^- 

47.  Kochin  N.  Ye.,  and  others,  Teoreticheskaya  gidromekhanika, 
(Theortical  hydromechanics),  Gostekhizdat ,  1948. 

48.  Krokko  L. ,  Chzhen  Sin’-I,  Teoriya  neustoychivosti  gorenlya 
v  zhidkostnykh  raketnykh  dvigatelyakh,  (The  theory  of  combustion 
instability  in  liquid-propellant  rocket  engines),  IL,  1958. 

49.  Krug  Ye.  K. ,  Ob  odnom  printsipe  eks.tremal'nogo  regulirevaniya, 
Trudy  konferentsii  po  voprosam  teorii  i  primeneni.va  diskretnykh 
sistem  avtomaticheskogo  regulirovaniya,  (One  principle  of  extremal 
regulation,  Transations  of  the  conference  on  questions  of  theory  and 
application  of  digital,  systems  of  automatic  control),  Izd-vo  AN  SSSR, 
1958. 


50.  Kuznetsov  D.  S.,  Gidrodinamika.  (Hydrodynamics). 
Gidrometeoizdat ,  1951. 

51.  Kuzovkov  N.  T.,  Teoriya  avtomaticheskogo  regulirovaniya, 
(Theory  of  automatic  control),  Oborongiz,  1957. 


456 


'  &*• 


■t'  -* 


52.  Kulagin  I.  I.,  Teoriya  gazottirhinnykh  reaktivnykh 
dvigateley,  (Theory  of  gas-turbine  jet  engines),  Oborongiz,  1952, 

*■ 

53*  Kutateladze  S.  S.,  Osnovy  teorli  teploobmena,  (Fundamentals 
of  the  theory  of  heat  exchange),  Mashgiz,  1957. 

54.  Lavrovskaya  G.  K.,  arid  others,,  "Fizicheskaya  khimiya," 

1952,  No.  26.  ' 


55*  Landau  L.  D. ,  Lifshits  Ye.  M. ,  Teoriya  polya,  (Theory  of  a 
field) j  Fizmatgiz,,  1962. 

56.  Landau  L.  D..,  Lifshits  Ye.  M.,  Mekhanika,  (Mechanics), 
Fizmatgiz,  1958. 

57*  Loytsyanskiy  L.  G.,  Mekhanika  zhidkosti  i  gaza,  (Liquid 
and  gas  mechanics),  Gostekhizdat,  1957. 


■fi 

planir 

planni 

7 

dvigat 

I960. 

7 

(Means 

7 

raketr 

propel 

7 

Voyeni 


58.  Linnlk  Yu.  V. ,  Metod  naimehyshikh  kvadratov  i  osnovy 
teorii  obrabotki  nablyudeniy,  (Method  of  least  squares  and  fundamentals  topli^ 

of  theory  of  the  treatment  of  observations) „  Fizmatgiz,  1962.  izd-v< 

59*  Lykov  A.  V.,,  Teoriya  teploprovodnosti,  (Theory  of  thermal  ”  1 

conductivity),  Izd-vo  "Vysshaya  shkola,"  1967.  prots« 

operat 

60.  Markevich  A.  M. ,- "Fizicheskaya  khimiya,"  1946,  No.  22.  "Mashj 


6l.  Mel'kumov  T.  M. ,  and  others,  Raketnye  dvigateli,  (Rocket 
engines),  Izd-vo  "Mashinostroyeniye,"  1968. 

>62.  Mel’nikov  M.  V. ,  Vliyaniye  foririy  kamery  i  sopla  na  tyagu 
ZhRD,  (Effect  of  the  shape  of  a  chamber  and  nozzle  on  liquid-propellant 
rocket  engine  thrust),  BNT,  1946. 

63.  Mikheyev  M.  A.,  Osnovy  teploperedachi ,  (Fundamentals  of  heat 
transfer) ,  Gosenergoizdat ,  1956. 

64  Makhin  and  others,.  Dinamika  ZhRD,  (Dynamics  of  liquid- 
propellant  rocket  engines) ,  Izd-vo  "Mashinostroyeniye j"  1969. 

65.  Mamontov  M.  A.  Voprosy  termodinamlki  tela  peremennoy 
massy,  (Questions  of  thermodynamics  of  a  body  of  variable  mass), 
Oborongiz,  196 1. 

66.  Mors  F,.  M. ,  Feshbakh  G.,  Metody  teoretieheskoy  fiziki, 
(Methods  of  theoretical  physics),  t.  1  i  2,  IL,  1958. 

67.  Moshkin  Ye.  K. ,  Dinamicheskiye  protsessy  v  ZhRD,  (Dynamic 
processes  in  liquid-propellant  rocket  engines),  Izd-vo  "Mashino¬ 
stroyeniye,"  1964. 

68.  Nalbandyan  A.  B.,  "Fizicheskaya  khimiya,"  1946,  No.  20. 


by  0. 

Gostel 

1 

of  gas 

r 

I 

£ 

Goskhl 

£ 

sisten 
and  sc 

£ 

dvigat 

£ 

sredy 
the  er 
1968. 

£ 

IL,  IS 


457 


FTD-MT-24-01-71 


F'J’D 


4 


952. 

ameritals 


ry  of  a 

s), 

quid 


/y 

uhdamentals 


thermal 


[22. 

ocket 


tyagu, 

-propellant 

Is  of  heat 

Ld- 

w 

is), 

Lki, 

dynamic 

Lno- 

.  20. 


■> 


Vi 

1 

'v£ 


69.  Nalimov  V.  V.,  Chernova  N.  A.,  Statisticheskiye  metody 
planirovaniya  ekstremal’nykh  elsperimentov,  X Statistical  methods  of 
planning  extremal  experiments),  Izd-vo  wNauka,w  19651 

t 

70.  Nikolayev  B.  A.,  Termodinamicheskiy  raschet  raketnykh 
dvigateley,  (Thermodynamic  calcuation  of  rocfket  engines),  Oborongiz, 
I960. 


71.  Obert  G.,  Puti  osiishchestvleniya  kosmicheskikh  poietov, 

(Means  of  realization'  of  space  flights),  Oborongiz,  1947. 

72.  Ovsyannikov  B.  V.,  Teoriya  i  raschet  nasosov  zhidkostnykh 
raketnykh  dvigateley,  (Theory  and  calculation  of  pumps  of  liquid- 
propellant  rocket  engines),  Oborongiz,  I960. 

73.  Patrashev  A.  N.,  Gidromekhanika,  (Hydromechanics), 

Voyenizdat,  1953. 

74.  Paushkin  Ya.  M.  Khimicheskiy  sostav  I  svoystva  reaktivnykh 
topliv,  (Chemical  composition  and  properties  of  reaction  propellants), 
izd-vo  AN  SSSR,  1958. 

75.  Raushenbakh  B.  V.,  and  others,  Fizicheskiye  osnovy  rabochikh 
protsessov  v  kamerakh  sgoraniya  VRD,  (Physical  fundamentals  of  the 
operating  processes  in  combustion  chambers  of  jet  engines),  Izd-vo 
"Mashinostroyeniye,"  1964. 

76.  Reaktivnye  dvigatell,  Collection  of  translations  edited 
by  0.  Lankastera,  (Reaction  engines),  Voyenizdai\,  1962. 

77,.  Reley,  Teoriya  zvuka,  (Theory  of  sound),  t.  I,  II 
Gostekhizdat,  1955. 

78.  Rid  R.  i  Shervud  T. ,  Svoystva  gazov  i  zhidkostey,  (Properties 
of  gases  and  liquids),  Gostekhizdat,  1964. 

79.  Satton  D. ,  Raketnye  dvigatell,  (Rocket  engines),  IL,  1952. 

80.  Semenov  N.  N. ,  Tseniye  reaktsii.  (Chain  reactions ) . 
Goskhimtekhizdat ,  1934. 

81.  Serebryakov  M.  Ye.,  Vnutrennyaya  ballistika  stvol’nykh 
sistem  i  porokhovykh  raket,  (Internal  ballistics  of  barrel  systems 
and  solid-propellant  rockets),  Oborongiz,  1962. 


82.  Sinyarev  G.  B. ,  Dobrovol'skiy  M.  V.,  Zhidkostnye  raketnye 
dvigatell,  (Liquid-propellant  rocket  engines),  Oborongiz,  1957. 


83.  Siov  B.  N. ,  Istecheniye  zhldkosti  cherez  nasadki  v 
sr.edy  s  protivodavleniyem,  (Effusion  of  liquid  through  nozzles  into 
the  environment  with  counterpressure),  Izd-vo  "Mashinostroyen4 ye," 
1968. 

84.  Skuchik  Ye,.,  Osnovy  akustikl.  (Fundamentals  of  acoustics), 
IL,  1958. 


458 


FTD-MT- 24-01-71 


85.  Stepanov  A.  I.,  Tsentrobezhye  i  osevye  nasosy,  (Centrifugal 
and  axial-flow  pumps),  Mashgiz -,  I960. 

«  86.  Strett  J.  V. .  Teoriya  zvuka,  (Theory  of  sound).,,  Gostekhlzdat, 

1955. 

87.  Feodos’yev  V.  I..,  Siny.arev  G.  B. ,  Vvedeniye,  v  raketnuyu 
tekhniku,  (Introduction  to  rocket  technology),  Oborongiz,.  1956. 

88.  Ferri  A.,  Aerodinamika  sverkhzvukovykh  techeniy,  (Aero¬ 
dynamics  of  supersonic  flows),  Gostekhlzdat,  1953- 

*  '  i 

89.  Pil’chikov  P.  F. ,  Panchishin" V.  I.,  Integratory  EGDA-9160. 
Modelirovaniye  potentsial'nykh,  poley  na  elektroprovodnoy  bumage, 

(Integrators  EGDA-9160.  Simulation  of  potential  fields  on  electro- 
conductive  'paper) ,  Izd-vo  AN  USSR,  1961. 

90.  Tsander  P.  A. ,  Problema  poleta  pri  pomoshchi  reaktivnykh 
apparatov,  (The  problem  of  flight  witii  the  aid  of  reaction  vehicles) , 
Oborongiz,  1961. 

91.  Tsiolkovskiy  K.  E. ,  Sobraniye  sochineniy,  (Collection  of 
compositions),  Izd-vo  AN- SSSR,  195^. 

92.  Chertov  A.  G.,  Mezhdunarodnaya  sistema  yedinits  lzmereniya, 
(The  international  system  of  units  of  meaurement),  Rosvuzizdat,  1963. 

93.  Shchigolev  B.  M. ,  Matematicheskaya  obrabotka  nablyudeniy, 

(The  mathematical  treatment  of  observations),  Izd-vo  "Nauka,"  1969. 

9^.  Shchlikhting  G.,  Teoriya  pogranichnogo  sloya,  (Boundary 
layer  theory),  IL,  1956. 

95.  Shoriri  S.  N. ,  Teploperedacha,  (Heat  transfer),  Gosstroyizdat, 

1952. 

96.  Shchetinkov  Ye.  S.,  Pizika  goreniya  gazov,  (Physics  of  gas 
combustion),  Izd-vo  "Nauka,"  1965. 

97.  Elliot  Ring,  Dvigatel'nye  ustanovki  na  zhidkom  toplive, 
(Liquid-propellant  power  plant),  Izd-vo  "Mir,"  1966. 

98.  Yanke  Ye.  i  Emde  F. ,  Tablitsy  funktsiy  s  formulami  i 
krlvymi,  (Tables  of  functions  with  formulas  and  curves),  Gostekhlzdat, 
1949. 


11 


PTD-MT- 2^-01-71 


^59 


